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Introduction: 


This  proposal  focuses  on  defining  the  role  of  beta  2-microglobulin  (P2-M)  as  a  growth 
factor  and  signaling  molecule  contributing  to  prostate  cancer  bone  metastasis.  In  this 
proposal,  we  proposed  two  Aims. 

Specific  Aim  1  is  to  investigate  the  possible  signaling  pathway  regulated  by  P2-M  in 
human  prostate  cancer  cells  with  specific  emphasis  on  the  role  of  bradykinin  (BK) 
receptor  as  the  possible  mediator  of  P2-M  signaling.  We  will  define  signaling 
transduction  pathway  mediated  by  P2-M  in  promoting  osteomimicry  and  prostate  cancer 
cell  growth  and  bone  metastasis. 

Specific  Aim  2  is  to  detennine  the  effectiveness  of  BKM-1740,  a  BK  receptor  antagonist 
chemically  conjugated  with  bisphosphonate  known  to  accumulate  in  bone,  in  the 
inhibition  of  prostate  cancer  growth  in  mouse  bone.  By  targeting  BK  receptor  on  the  cell 
surface  of  prostate  cancer  cells  using  a  synthetic  BK  inhibitor,  BKM-1740,  we  expect  this 
will  increase  prostate  cancer  cell  death  in  bone. 

During  this  funding  period,  we  have  accomplished  the  following  tasks: 

Body: 

Task  1:  To  evaluate  the  role  of  p2-M-mediated  cell  signaling  in  human  prostate  cancer 
cells. 

A.  To  determine  the  comparative  expression  by  RT-PCR  of  the  potential  f:l2-M 
binding  proteins,  including  BK  B1  and  B2  receptors,  Gaq,  MHC  Class  I  protein, 
prostate  specific  PSGR,  and  endotehlin  1A  receptor  in  prostate  cancer  cell  lines. 
Confirm  the  expression  of  these  proteins  by  immunohistochemistry  and  Western 
blot  in  prostate  cancer  cell  lines  with  different  degree  of  malignant  potential. 

We  have  evaluated  p2-M,  MHC  Class  I,  and  prostate  specific  PSGR  expression  in 
human  prostate  cancer  cell  lines.  Results  of  this  study  showed  that  a  close 
correlation  between  P2-M  and  MHC  Class  I  expression  in  human  prostate  cancer 
cell  lines.  There  appears  to  be  an  inverse  relationship  between  the  ability  of 
prostate  cancer  cells  to  metastasize  to  bone  (e.g.,  ARCaPM  and  LNCaP).  ARCaPM 
is  more  aggressive  and  contains  more  of  the  MHC  Class  I  and  P2-M,  whereas 
LNCaP  is  less  aggressive  and  seems  to  contain  less  of  the  MHC  Class  I  and  p2-M. 
The  relationship  between  the  aggressiveness  of  the  prostate  cancer  cells  and  their 
MHC  ClassI  and  p2-M  expression  is  proportional.  We  have  also  examined  the 
possible  involvement  of  prostate-specific  PSGR,  a  G-protein  couple  receptor  in 
prostate  cancer  cells.  We  found  there  was  no  relationship  of  the  expression  of 
PSGR  and  the  responsiveness  of  prostate  cancer  cells  to  p2-M. 

B.  To  survey  /32-M  downstream  target  expression  and  to  confirm  their  expression  by 
RT-PCR  and  Western  blot. 


We  have  completed  most  of  the  cell  signaling  pathways  involved  in  p2-M- 
mediated  intracellular  signaling  in  prostate  cancer  cells.  In  this  study,  we  have 
shown  that  p2-M  activates  at  least  three  signaling  pathways:  1)  [12-IVl -induced 
androgen  receptor  downstream  signaling  (see  recently  accepted  manuscript  by 
Huang  et  ah,  Clinical  Cancer  Research,  2008,  In  press);  2)  Activation  of  survival 
pathway  mediated  by  vascular  endothelial  growth  factor;  and  3)  Activation  of 
epithelial  to  mesenchymal  transition  that  resulted  in  overexpression  of  receptor 
activator  of  NFkB  ligand  (RANKL)  that  increase  bone  turnover  and  subsequent 
bone  colonization  (see  Zhau  et  ah,  Clinical  and  Experimental  Metastasis,  2008,  In 
press). 

C.  To  correlate  the  expression  of  [32-M  responsive  genes  in  a  variety  of  human 
prostate  cancer  cell  lines  with  the  steady-state  levels  of  /32-M  and  its  binding 
proteins  as  described  above  (see  la). 

We  have  initiated  studies  to  examine  the  role  of  [12-M  in  prostate  cancer  cells  by 
using  the  knockdown  and  pull  down  studies.  In  the  knockdown  studies,  we  have 
shown  that  P2-M  knockdown  is  a  highly  effective  way  to  decrease  prostate  cancer 
growth  and  the  ability  to  metastasize  to  bone  (Huang  et  ah,  Cancer  Research, 
2006).  We  began  to  examine  if  P2-M  knockdown  also  could  have  a  significant 
effect  on  the  epithelial  to  mesenchymal  transition  in  ARCAPm  cells.  Results  of 
this  study  show  that  P2-M  knockdown  could  reverse  EMT  by  promoting  ARCAPm 
cells  to  express  ARCAPe  morphology  and  gene  expression.  Currently,  we  are  in 
the  process  of  selecting  ARCAP  P2-M  knockdown  clones  and  the  ability  of  these 
cells  to  grow  and  metastasize  in  mouse  models.  Since  P2-M  function  in  cells  is 
intimately  related  to  its  binding  partner,  we  also  initiated  studies  to  examine  the 
type  of  proteins  P2-M  may  be  co-precipitated  during  the  pull  down  assays.  We 
found  that  MHC  Class  1  and  HFE  (hereditary  hemochromatosis  gene),  a  MHC 
Class  1-like  protein  can  be  pulled  down  together  with  P2-M.  Further 
investigations  are  proposed  to  examine  the  potential  role  of  MHC  Class  I  and  HFE 
in  prostate  cancer  growth,  metastasis,  and  EMT. 

D.  To  purify  and  characterize  the  recombinant  His-tagged  /32-M  protein  from 
bacteria. 

We  have  completed  a  part  of  this  study  in  which  p2-M  protein  has  been  cloned 
from  bacteria  and  has  shown  activity  in  our  assay.  Because  of  the  success  of 
cloning  P2-M  protein  from  bacteria,  we  feel  that  the  His-tagged  P2-M  protein  may 
not  be  necessary  at  this  time. 

E.  To  develop  the  immunoprecipitation  procedures  and  recover  the  co- 
immunoprecipitated  products  from  differen  t  cellular  compartmen  ts,  membrane, 
cytosol  and  nucleus,  for  further  positive  identification  of  the  recovered  proteins 
from  prostate  cancer  cells  that  may  bind  to  recombinant  (32-M.  To  evaluate  if  any 
of  the  protein  isolated  may  belong  to  the  class  of proteins  identified  as  possible 
candidate  cited  above  (see  la). 


We  have  developed  an  effective  co-immunoprecipitation  protocol  in  which  [12- M 
interactive  proteins  can  be  isolated  by  the  use  of  anti-P2-M  antibody  in  the 
presence  of  P2-M  protein  complex  with  its  potential  binding  proteins  in  the  cell 
extracts.  As  illustrated  above  (see  item  D),  we  have  shown  that  anti-  P2-M 
antibody  can  bring  down  MHC  Class  1  protein  and  a  closely  related  MHC  Class  1- 
like  protein,  HFE.  Functional  analysis  is  under  way  to  determine  a  potential 
function  of  MHC  Class  1,  and  HFE,  a  MHC  Class  1-like  molecule  in  human 
prostate  cancer  cells. 

F.  To  identify  protein  that  may  bind  to  recombinant  (22-M  using  Emory  Proteomics 
and  Microchemical  Facility  Core. 

We  have  to  overcome  some  barriers  in  perfonning  this  particular  aim  because  of 
the  relocation  of  Dr.  Jan  Pohl  from  Emory  University  to  the  Center  for  Disease 
Control  at  Atlanta.  However,  we  will  pursue  this  aim  in  collaboration  with  Dr. 
David  Agus’  laboratory  at  the  University  of  Southern  California  after  relocation  to 
Cedars-Sinai  Medical  Center  -  UCLA  beginning  August  2009. 

G.  To  evaluate  the  responsiveness  of  cells  to  fF2-M  by  modifying  the  levels  of 
expression  of  the  genes  that  have  been  indentified  as  J32-M  binding  proteins  either 
on  the  cell  membrane,  in  the  cytosol,  and/or  associated  with  cell  nucleus. 

We  have  successfully  knockdown  HFE  in  ARCaP-M  cells  and  have  observed  a 
reversion  of  morphology  and  gene  expression  of  these  cells  to  resemble  ARCaP-E. 
Corresponding  with  this  knockdown,  we  have  observed  increased  intracellular  iron 
and  subsequently  increased  reactive  oxygen  species.  These  results  are  consistent 
with  our  hypothesis  that  HFE  may  be  a  novel  P2-M  receptor. 

H.  To  link  the  effects  of  f/2-M  on  gene  expression  to  the  ability  of  f/2-M  in  the 
promotion  of  prostate  cancer  cell  growth  in  vitro  and  tumor  growth  in  mice 
through  the  induction  of  cell  cycle  or  apoptosis  regulated  genes. 

We  have  committed  our  time  to  the  investigation  of  P2-M  effect  on  prostate  cancer 
growth  and  survival  to  androgen  receptor  regulated  mechanism.  In  addition,  we 
have  raised  antibodies  that  are  specific  to  recognizing  P2-M  protein  as  a  potential 
therapeutic  agent  in  the  management  of  prostate  cancer  growth  in  mice  bearing 
prostate  tumors  in  tibia.  With  the  availability  of  tissue  specimens  from  these 
studies,  we  will  begin  to  assess  the  roles  of  P2-M  protein  as  a  major  signal  and 
growth  factor  molecule  that  could  affect  the  cell  cycle  progression  and  the 
blockade  of  [12- M  signaling  using  anti-P2-M  antibody  can  induce  apoptosis  in 
prostate  cancer  but  not  affect  the  growth  of  normal  prostate  epithelial  cells. 


Task  2:  To  assess  the  targeting  potential  of  blocking  BK  and  its  receptor  signaling  on  the 
growth  of  prostate  tumors  in  mouse  skeleton. 

A.  To  correlate  the  growth  inhibition  and  gene  expression  profiles  of  human  prostate 
cancer  cells  treated  with  BKM-1740,  a  bisphosphonate  conjugate  of  a  BK  receptor 
antagonist. 

This  task  has  been  successfully  completed,  a  paper  related  to  this  proposed  study 
has  now  been  accepted  for  publication  (Seo  et  ah,  Clinical  Cancer  Research,  2008, 
In  press). 

B.  To  evaluate  the  effectiveness  of  BKM-1 740  in  mice  bearing  prostate  tumors  at 
various  anatomical  sites,  including  subcutaneous,  orthotopic  and  intraosseous  to 
determine  if  the  effects  of  this  compound  on  tumor  growth  may  be  affected  by 
tumor  surrounding  microenvironment. 

This  task  has  also  been  successfully  completed  as  stated  above.  (See  Seo  et  al., 
Clinical  Cancer  Research,  2008). 

C.  To  evaluate  the  histopathology  and  gene  expression  profiles  of  the  tumor 
specimens  harvested  from  mice  treated  with  BKM-1740. 

This  task  has  been  accomplished  in  part  and  data  were  also  submitted  for 
publication  by  Seo  et  al.,  Clinical  Cancer  Research,  2008. 

D.  Based  on  the  information  obtained  on  J32-M  binding  proteins  and  its  interactive 
proteins  from  Task  1,  we  will  explore  the  methods  to  increase  BKM-1 7 40-induced 
therapeutic  responsiveness  of  the  prostate  tumors. 

This  task  has  been  completed  in  part.  Additional  work  will  be  performed  in  the 
coming  years  to  determine  if  BKM-1740  may  have  therapeutic  effect  on  prostate 
tumor  growth  in  mice  through  the  induction  of  apoptosis  in  endothelial  cells.  In 
addition,  we  will  also  explore  the  possibility  of  using  anti-P2-M  antibody  as  a 
therapeutic  agent  co-targeting  human  prostate  cancer  bone  tumor  growth  in 
combination  with  BKM-1740. 

E.  To  write  up  scientific  papers  for  report  and  publication. 

This  task  will  be  performed  on  a  continued  basis  as  more  scientific  information 
becomes  available  to  us. 


Key  Research  Accomplishments: 

•  Define  fl2-M  downstream  signaling  pathways  that  could  lead  to  the  understanding  of 
prostate  cancer  local  growth  and  distant  metastasis. 


•  Define  the  blockade  of  BK  receptor  using  BK  bisphosphonate  conjugates  for  the 
treatment  of  prostate  cancer  bone  metastasis. 


•  Define  the  activity  of  blocking  P2-M  signaling  that  can  lead  to  increased  prostate  cancer 
death  and  slow  down  prostate  cancer  cell  cycle  progression. 
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Conclusions: 

We  have  made  steady  progress  on  this  project. 
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^2-Microglobulin  Signaling  Blockade  Inhibited  Androgen  Receptor 
Axis  and  Caused  Apoptosis  in  Human  Prostate  Cancer  Cells 

Wen-Chin  Huang,1  Jonathan  J.  Havel,2  Haiyen  E.  Zhau/'Wei  Ping  Qian,1  Hui-Wen  Lue,3 
Chia-Yi  Chu,3  Takeo  Nomura,4  and  Leland  W.K.  Chung1 


Abstract  Purpose:  p2-Microglobulin  (p2M)  has  been  shown  to  promote  osteomimicry  and  the  prolifera¬ 
tion  of  human  prostate  cancer  cells.  The  objective  of  this  study  is  to  determine  the  mechanism 
by  which  targeting  (32M  using  anti-p2M  antibody  inhibited  growth  and  induced  apoptosis  in 
prostate  cancer  cells. 

Experimental  Design:  Polyclonal  and  monoclonal  (32M  antibodies  were  used  to  interrupt  p2M 
signaling  in  human  prostate  cancer  cell  lines  and  the  growth  of  prostate  tumors  in  mice.  The 
effects  of  the  p2M  antibody  on  a  survival  factor,  androgen  receptor  (AR),  and  its  target  gene, 
prostate-specific  antigen  (PSA)  expression,  were  investigated  in  cultured  cells  and  in  tumor 
xenografts. 

Results:  The  p2M  antibody  inhibited  growth  and  promoted  apoptosis  in  both  AR-positive  and 
PSA-positive,  and  AR-negative  and  PSA-negative,  prostate  cancer  cells  via  the  down-regulation 
of  the  AR  in  AR-positive  prostate  cancer  cells  and  directly  caused  apoptosis  in  AR-negative 
prostate  cancer  cells  in  vitro  and  in  tumor  xenografts.  The  p>2 M  antibody  had  no  effect  on  AR 
expression  or  the  growth  of  normal  prostate  cells. 

Conclusions:  p2M  downstream  signaling  regulates  AR  and  PSA  expression  directly  in  AR- 
positive  prostate  cancer  cells.  In  both  AR-positive  and  AR-negative  prostate  cancer  cells, 
interrupting  p2M  signaling  with  the  p2M  antibody  inhibited  cancer  cell  growth  and  induced  its 
apoptosis.  The  p2M  antibody  is  a  novel  and  promising  therapeutic  agent  for  the  treatment  of 
human  prostate  cancers. 


(3>2-Microglobulin  ((J2M)  is  produced  by  all  nucleated  cells  as  a 
119-amino-acid  residue  protein  and,  after  processing,  is 
secreted  in  a  99-amino-acid  form  (11,800  Da;  refs.  1,  2).  The 
most  common  known  function  of  p2M,  a  light-chain  antigen- 
presenting  molecule,  is  to  serve  as  a  coreceptor  for  the 
presentation  of  the  MHC  class  1  in  nucleated  cells  for  cytotoxic 
T-cell  recognition  (3).  However,  cancer  cells  frequently  down- 
regulate  the  expression  of  MHC  class  I  to  evade  recognition  by 
the  immune  system  (4-7),  presumably  allowing  the  secretion 
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of  free  p2M  into  circulation  or  in  the  tumor  microenvironment. 
Our  laboratory  first  identified  (32M,  an  active  component 
secreted  by  prostate  cancer,  and  prostate  and  bone  stromal 
cells,  as  a  major  growth  factor  and  signaling  molecule  (8).  (32M 
conferred  osteomimicry,  the  ability  of  cancer  cells  to  mimic 
gene  expression  by  bone  cells,  in  prostate  cancer  cells  through 
the  activation  of  a  cyclic  AMP  (cAMP)- dependent  protein 
kinase  A  (PKA)  and  cAMP-responsive  element  binding  (CREB) 
protein  signaling  pathway  (9).  The  use  of  a  sequence-specific 
small  interfering  RNA  (siRNA)  targeting  (32M  and  its  signaling 
resulted  in  extensive  prostate  cancer  cell  death  in  vitro  and 
greatly  promoted  prostate  tumor  regression  in  immunocom¬ 
promised  mice  (8).  We  also  showed  that  interrupting  (32M 
signaling  similarly  blocked  human  renal  cell  carcinoma  growth 
(10).  (J2M  has  recently  been  shown  to  be  a  useful  biomarker  for 
advanced  human  prostate  cancer  (11).  f32M  seems  to  be  a 
downstream  androgen  target  gene,  more  specific  than  prostate- 
specific  antigen  (PSA),  under  the  control  of  the  androgen 
receptor  (AR),  in  a  human  LNCaP  prostate  cancer  cell  line  (11). 

Anti  -  [32M  antibody  is  a  potent  interrupter  of  (32M-mediated 
signaling  (8,  12).  The  (32M  antibody  was  shown  to  be  a  highly 
cytotoxic  reagent  against  the  growth  of  solid  tumors  like  renal 
cell  carcinoma  (13)  as  well  as  liquid  tumors,  such  as  leukemia, 
lymphoma,  and  multiple  myeloma  (12).  We  showed  here 
that  the  (32M  antibody  inhibited  the  expression  of  a  survival 
factor,  AR,  and  its  target  gene,  PSA,  in  AR-positive  and  PSA¬ 
positive  human  prostate  cancer  cell  lines,  including  androgen- 
dependent  LNCaP  and  androgen-independent  C4-2B  cells  (14), 
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and  in  androgen-independent  C4-2  tumor  xenograft  models. 
The  p2M  antibody  also  suppressed  growth  and  induced 
apoptosis  in  both  AR-positive  and  PSA-positive,  and  AR- 
negative  and  PSA-negative  human  prostate  cancer  cells  and  in 
xenograft  tumors  in  mice.  Moreover,  our  studies  showed  that 
the  (32M  antibody  induced  prostate  cancer  cell  death  through 
an  activation  of  a  caspase-9-  mediated  apoptotic  cascade 
pathway  without  affecting  normal  or  nontumorigenic  prostatic 
epithelial  and  stromal  cells.  These  results  support  the  idea  that 
targeting  (3>2M  signaling  via  the  external  application  of  the  p2M 
antibody  can  profoundly  alter  intracellular  cell  signaling 
networks,  including,  but  not  limited  to,  the  AR  downstream 
signaling  axis.  Effective  p2M  antibody- mediated  targeting  of 
the  growth  of  both  AR-positive  and  PSA-positive,  and  AR- 
negative  and  PSA-negative  human  prostate  cancer  cells  may 
prove  to  be  an  attractive  and  safe  therapeutic  approach  for  the 
treatment  of  human  prostate  cancer  and  its  lethal  progression. 

Materials  and  Methods 

Cell  lines,  cell  culture,  and  /32M  antibody.  The  human  prostate 
cancer  cell  line  LNCaP  (androgen  dependent),  the  LNCaP  lineage- 
derived  bone  metastatic  subline  C4-2B  (androgen  independent; 
ref.  14),  DU-145  (brain  metastatic,  androgen  independent),  PC3 
(bone  metastatic,  androgen  independent),  and  ARCaP  (ascites-fluid  - 
derived,  androgen  repressive;  refs.  15,  16)  were  cultured  in  T-medium 
(Invitrogen)  supplemented  with  5%  fetal  bovine  serum,  100  IU/mL 
penicillin,  and  100  pg/mL  streptomycin.  A  human  normal/nontumori- 
genic  prostatic  epithelial  cell  line,  RWPE-1  (American  Type  Culture 
Collection),  was  cultured  in  keratinocyte  serum-free  medium  supple¬ 
mented  with  5  ng/mL  human  recombinant  epidermal  growth  factor 
and  0.05  mg/mL  bovine  pituitary  extract  (Invitrogen).  These  prostate 
cancer  and  normal  cell  lines  were  maintained  in  5%  C02  at  37°C.  The 
anti-|32M  antibody,  a  polyclonal  antibody,  was  obtained  from  Santa 
Cruz  Biotechnology,  Inc.  (sc-15366),  for  in  vitro  cell  culture  studies  and 
in  vivo  animal  experiments.  We  also  tested  the  (32M  monoclonal 
antibody  (Santa  Cruz  Biotechnology;  sc-13565)  and  found  it  to  have 
similar  inhibitory  effects  on  the  growth  of  human  prostate  cancer  cells 
in  vitro  (data  not  shown). 

Reverse  transcription-PCR.  LNCaP  and  C4-2B  cells  were  plated  on 
six-well  dishes  at  3  x  105  cells  per  well  and  grown  to  70%  confluence  in 
T-medium  with  5%  fetal  bovine  serum.  The  cells  were  gently  washed 
with  PBS  and  incubated  in  T-medium  plus  5%  dextran-coated, 
charcoal-treated  fetal  bovine  serum  for  overnight  incubation.  The  cells 
were  then  treated  with  0,  1,  5,  or  10  pg/mL  of  (32M  antibody;  the  (32M 
antibody  was  preincubated  for  30  min  with  the  same  amounts 
of  purified  human  |i2M  protein  (Sigma)  or  10  pg/mL  of  isotype 
control  IgG  for  24  h.  The  total  RNA  was  isolated  from  these  treated 
cells  using  a  RNeasy  Mini  Kit  (Qiagen)  and  subjected  to  reverse 
transcription  according  to  the  manufacturer's  instructions  (Invitrogen). 
The  primer  sequences  used  for  PCR  analysis  were  AR  ]5'-ATGGCTGT- 
CATTCAGTACTCCTGGA-3'  (forward)  and  5'-AGATGGGCTT- 
GACTTTCCCAGAAAG-3'  (reverse)],  PSA  [5'ATGTGGGTCCCGGTT- 
GTCTTCCTCACCCTGTC-3'  (forward)  and  5'-TCAGGGGTTGGCCAC- 
GATGGTGTCCTTGATC-3'  (reverse)],  and  glyceraldehyde-3-phosphate 
dehydrogenase  ]5'-ACCACAGTCCATGCCATCA-3'  (forward)  and 
5'-TCCACCACCCTGTrGCTGT-3'  (reverse)],  respectively.  The  thermal 
profiles  for  AR,  PSA,  and  glyceraldehyde-3-phosphate  dehydrogenase 
cDNA  amplification  are  25  cycles,  starting  with  denaturation  for 
1  min  at  94°C,  followed  by  1  min  of  annealing  at  61  °C  (for  AR),  55°C 
(for  PSA),  and  60°C  (for  glyceraldehyde-3-phosphate  dehydrogenase), 
and  1  min  of  extension  at  72°C.  The  reverse  transcription-PCR  products 
were  analyzed  by  agarose  gel  electrophoresis. 

Western  blot  analysis  and  ELISA.  Cell  lysates  were  prepared  from 
[32M  monoclonal  antibody -treated  or  IgG-treated  prostate  cells  using  a 


lysis  buffer  [50  mmol/LTris  (pH  8),  150  mmol/L  NaCl,  0.02%  NaN3, 
0.1%  SDS,  1%  NP40,  and  0.5%  sodium  deoxycholate]  containing 
1  mmol/L  phenylmethylsulfonyl  fluoride  and  a  protease  inhibitor 
cocktail  (Roche  Applied  Science).  The  protein  concentration  was 
determined  by  the  Bradford  assay  using  the  Coomassie  Plus  Protein 
Reagent  (Pierce).  Western  blot  was  done  with  the  Novex  system 
(Invitrogen)  as  described  previously  (8,  10).  The  primary  antibodies 
anti-AR  (1:500  dilution)  and  PSA  (1:1,000  dilution;  Santa  Cruz 
Biotechnology);  anti -caspase-9,  caspase-3,  and  poly(ADP)ribose  poly¬ 
merase  (PARP;  1:1,000  dilution;  Cell  Signaling  Technology);  and  the 
secondary  antibodies  that  were  conjugated  with  horseradish  peroxidase 
(1:5,000  dilution;  GE  Healthcare)  were  used.  The  detection  of  protein 
bands  was  done  with  the  use  of  enhanced  chemiluminescence  Western 
Blotting  Detection  Reagents  (GE  Healthcare).  The  soluble  PSA  levels 
were  determined  by  microparticle  ELISA  with  the  Abbott  IMx  machine 
(Abbott  Laboratories). 

Cell  proliferation  assay.  LNCaP  (6,000  cells  per  well),  C4-2B  (6,000 
cells  per  well),  DU-145  (3,000  cells  per  well),  PC3  (3,000  cells 
per  well),  ARCaP  (5,000  cells  per  well),  and  RWPE-1  (6,000  cells  per 
well)  cells  were  plated  on  96-well  plates  and  treated  with  the  f32M 
antibody  or  control  IgG  for  a  3-d  incubation.  The  cell  numbers  were 
measured  every  24  h  by  mitochondrial  3-(4,5-dimethylthiazol-2-yl)- 
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,  inner 
salt  (MTS),  assay  with  the  use  of  the  CellTiter  96  AQueous  One  Solution 
Cell  Proliferation  Assay  (Promega)  according  to  the  manufacturer's 
instructions. 

Sub-G j  DNA  content  measurement.  LNCaP  and  C4-2B  prostate 
cancer  cells  were  plated  on  six- well  plates  at  3  x  105  per  well  in 
T-medium  containing  5%  dextran-coated,  charcoal-treated  fetal  bovine 
serum  and  exposed  to  10  pg/mL  of  (32M  monoclonal  antibody  or 
control  IgG  for  48-h  incubation.  The  treated  cells  were  collected  by 
trypsinization  and  fixed  in  70%  ice-cold  ethanol,  incubated  with  RNase 
A  (100  pg/mL;  Sigma)  for  30  min,  and  stained  with  propidium  iodide 
(25  pg/mL;  Chemicon)  for  30  min.  The  cell  cycle  was  determined  by  a 
FACScan  flow  cytometer  and  CellQuest  software  (Becton  Dickinson 
Labware)  for  analysis  of  sub-Gi  DNA  content. 

In  vivo  animal  experiments.  All  the  animal  experiments  were 
approved  and  done  in  accordance  with  institutional  guidelines.  The 
mice  were  maintained  at  the  Animal  Research  Facility  in  Emory 
University.  To  test  the  antitumor  efficacy  and  AR  expression  regulated 
by  the  (32M  antibody  in  vivo,  4-wk-old  male  athymic  nu/nu  mice 
(National  Cancer  Institute)  were  inoculated  s.c.  with  C4-2  or  PC3 
prostate  cancer  cells  with  2  x  10r>  cells  per  mouse.  After  3  wk  (PC3 
tumor)  or  4  wk  (C4-2  tumor)  of  inoculation,  10  pg  of  (32M  monoclonal 
antibody  mixed  with  Surgifoam  (Ethicon  Inc.)  to  keep  and  slow  release 
the  (32M  antibody  around  the  tumors  were  given  by  intratumoral 
implantation,  one  shot  per  mouse.  The  control  group  mice  received 
equal  doses  of  isotype  IgG  or  placebo  (saline)  implanted  the  same  way 
as  the  p2M  antibody.  After  1  wk  of  treatment,  tumor  tissues  were 
harvested  from  the  euthanized  mice  and  fixed  in  10%  formalin, 
dehydrated  in  ethanol,  embedded  in  paraffin,  and  sectioned  in  slides. 
The  blank  tissue  slides  were  subjected  to  immunohistochemical 
staining  with  anti-AR  antibody  (Santa  Cruz  Biotechnology)  and  M30 
CytoDeath  marker  (DiaPharma  Group,  Inc.),  and  detected  by  the  Dako 
Autostainer  Plus  system  (Dako  Corp.).  For  quantification  of  AR  and 
M30  CytoDeath  staining,  100  cells  at  five  randomly  selected  areas  were 
counted  and  the  positive-staining  cells  were  recorded. 

Statistical  analysis.  Statistical  analyses  were  done  as  described 
previously  (9).  Student's  t  test  and  two-tailed  distribution  were  applied 
in  the  analysis  of  statistical  significance. 

Results 

(!2M  antibody  decreased  AR  and  PSA  expression  in  human 
prostate  cancer  cells.  We  previously  showed  that  (32M  is  a 
novel  signaling  and  growth-regulating  molecule  capable  of 
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promoting  cell  proliferation  and  survival  in  human  prostate 
and  renal  cancer  cells  (8,  10).  Interrupting  p2M  and  its 
downstream  signaling  by  f32M  siRNA  induced  cell  death  in 
both  human  prostate  and  renal  carcinoma  models  (8,  13). 
Because  the  downstream  targets  for  |32M  signaling  interruption 
are  not  completely  clear  in  human  prostate  cancer  cells,  we 
conducted  a  cDNA  microarray  study  (17)  comparing  (32M 
siRNA  stably  transfected  AR-positive  and  PSA-positive  C4-2B 
prostate  cancer  cells  with  their  scramble  stably  transfected 
control  clones.  The  results  of  these  studies  showed  a  4-fold  and 
16-fold  decreased  expression  of  AR  and  PSA  mRNA,  respec¬ 
tively,  in  C4-2B  cells,  and  these  data  were  confirmed  by  reverse 
transcription-PCR  and  Western  blot.5  To  test  the  hypothesis 
that  blocking  (32M-mediated  signaling  pathways  may  affect  AR 
gene  expression  and  transactivation,  which  are  involved  in 
prostate  cancer  cell  growth,  survival,  and  progression,  we  tested 
the  effect  of  a  new  reagent,  (J2M  polyclonal  antibody,  on  AR 
and  PSA  expression  in  AR-positive  and  PSA-positive  LNCaP 
(androgen  dependent)  and  C4-2B  (androgen  independent) 
cells.  Consistent  with  cDNA  microarray  data,  interrupting  (32M 
by  the  (32M  antibody  decreased  endogenous  AR  and  PSA 
mRNA  expression  as  determined  by  reverse  transcription- 
PCR  (Fig.  1A).  The  inhibitory  effect  of  the  (32M  antibody 
(0-10  gg/mL)  was  concentration  dependent,  and  the  addition 
of  purified  (32M  protein  rescued  the  decreased  AR  and  PSA 
mRNA  expression  that  had  been  inhibited  by  the  f32M  antibody 
in  LNCaP  and  C4-2B  cells.  Isotype-matched  control  IgG 
(10  pg/mL)  did  not  suppress  AR  and  PSA  mRNA  expression. 
In  parallel,  the  (32M  antibody  (0-10  pg/mL)  also  inhibited  AR 
and  PSA  protein  levels  in  a  concentration-dependent  manner  as 
analyzed  by  Western  blot  (Fig.  IB),  and  this  inhibition  can  also 
be  rescued  by  the  addition  of  purified  (32M  protein  to  the 
cultured  LNCaP  and  C4-2B  cells.  The  control  IgG  did  not 
change  AR  and  PSA  protein  expression.  Consistent  with  the 
blockade  of  AR  expression,  we  found  that  secreted  soluble  PSA 
levels,  assayed  by  ELISA,  were  also  decreased  by  the  (32M 
antibody,  but  not  the  control  IgG,  in  LNCaP  and  C4-2B  cells 
(Fig.  1C).  These  results  indicate  that  the  (J2M  antibody 
diminished  AR  and  PSA  mRNA  and  protein  expression  in  both 
androgen-dependent  and  androgen-independent  human  pros¬ 
tate  cancer  cells. 

f32M  antibody  inhibited  cell  proliferation  in  human  prostate 
cancer  cell  lines.  Because  (32M  stimulated  prostate  and  renal 
cancer  cell  growth  through  the  promotion  of  cAMP/PKA/CREB 
signaling  pathway  and  the  activation  of  cyclins  and  cell  cycle 
progression  (8,  10),  we  investigated  the  possibility  that 
interrupting  the  (32M-mediated  signaling  axis  may  be  cytotoxic 
to  prostate  cancer  cells.  When  the  LNCaP  and  C4-2B  cells  were 
exposed  to  the  (32M  antibody  (0-20  gg/mL)  for  a  2-day 
incubation,  the  growth  of  these  two  prostate  cancer  cell  lines 
was  inhibited  in  a  concentration-dependent  manner,  with  an 
IC50  of  10.3  and  7.4  gg/mL,  respectively  (Fig.  2A).  The  purified 
(32M  protein  was  shown  to  rescue  the  (32M  antibody -induced 
inhibition  of  prostate  cancer  cell  proliferation,  whereas  the 
control  IgG  did  not  affect  the  growth  of  the  LNCaP  and  C4-2B 
cells  (Fig.  2A).  Because  of  the  AR  heterogeneity  in  human 
prostate  cancer  cells  (18),  we  compared  the  effects  of  the 
(32M  antibody  on  the  cell  proliferation  of  AR-positive  (LNCaP, 


5  Unpublished  data. 
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Fig.  1.  |12M  antibody  inhibited  AR  and  PSA  mRNA  and  protein  expression  in 
human  prostate  cancer  cells.  A  |32M  antibody  (p2M  Ab)  decreased  AR  and  PSA 
mRNA  expression  in  a  dose-dependent  manner  (0-10  pg/mL,  24-h  treatment)  in 
both  LNCaP  (androgen  dependent)  and  C4-2B  (androgen  independent)  prostate 
cancer  cell  lines  detected  by  reverse  transcription-PCR.  The  inhibitory  effect  was 
restored  by  the  preincubation  of  the  j’,2M  antibody  with  purified  p2M  protein. 
Isotype  control  IgG  (10  pg/mL)  did  not  affect  AR  and  PSA  mRNA  expression. 

The  expression  of  glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  was 
used  as  a  loading  control.  6  |J2M  antibody  inhibited  AR  and  PSA  protein 
expression  in  a  dose-dependent  pattern  (0-10  pg/mL,  24-h  treatment)  in  LNCaP 
and  C4-2B  cells  assayed  by  Western  blot.  The  inhibitory  effect  was  abrogated  by 
the  preincubation  of  |‘,2M  antibody  with  p2M  protein.  Control  IgG  (10  pg/mL)  did 
not  change  AR  and  PSA  protein  expression.  (i-Actin  was  used  as  an  internal  loading 
control.  C.  secreted  soluble  PSA  levels  were  also  decreased  by  the  g2M  antibody 
(0-10  pg/mL),  but  not  the  control  IgG,  in  a  concentration-dependent  inhibition  in 
LNCaP  and  C4-2B  cells  determined  by  ELISA. The  concentrations  of  PSA  (ng)  were 
normalized  by  total  proteins  (pg).  *,  P  <  0.05;  **;  P  <  0.005,  significant  differences 
from  the  p2M-antibody-  untreated  group.  Columns,  mean;  bars,  SD. 


C4-2B,  and  ARCaP)  and  AR-negative  (PC3  and  Dll-145)  human 
prostate  cancer  cell  lines.  Figure  2B  shows  that  the  (32M  antibody 
(10  gg/mL)  inhibited  the  proliferation  of  these  prostate  cancer 
cells  at  day  3  by  57%  (LNCaP),  82%  (C4-2B),  91%  (DU-145), 
93%  (PC3),  and  94%  (ARCaP).  These  data  suggest  that  the  |32M 
antibody  significantly  inhibited  cell  proliferation  in  a  broad 
range  of  human  prostate  cancer  cell  lines. 

/3 2M  antibody  induced  apoptotic  death  and  inhibited  AR 
expression  of  prostate  cancer  cells  in  vitro  and  in  mouse  xenograft 
models.  To  determine  the  molecular  mechanism  by  which 
the  p>2M  antibody  inhibited  the  growth  of  prostate  cancer  cells, 
we  first  examined  apoptotic  death  in  LNCaP  and  C4-2B  cells, 
including  sub-Gj  DNA  content  analysis  and  activation  of 
caspase  (19)  and  PARP  expression.  The  results  of  flow 
cytometric  analysis  revealed  that  the  (32M  antibody  greatly 
increased  sub-Gj  DNA  contents  in  LNCaP  (%  sub-Gj  =  82.49) 
and  C4-2B  (%  sub-Gi  =  79.45)  cells  compared  with  the 
control  IgG-treated  LNCaP  (%  sub-Gi  =  0.86)  and  C4-2B 
(%  sub-Gr  =  0.54)  cells  (Fig.  3A).  Western  blot  analysis  of 
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Fig.  2.  [i2M  antibody  inhibited  the  growth  of  prostate  cancer  cell  lines.  A,  p2M 
antibody  significantly  affected  the  cell  proliferation  of  LNCaP  and  C4-2B  prostate 
cancer  cells,  with  a  dose-dependent  inhibition  (0-20  pg/mL)  after  2-d  incubation 
determined  by  mitochondrial  MTS  assay  (Promega).  Purified  p2M  protein 
rescued  the  inhibitory  effect  on  cell  growth  regulated  by  the  p2M  antibody.  IgG 
(20  pg/mL)  did  not  decrease  the  growth  of  LNCaP  and  C4-2B  cells. The  relative 
fold  was  assigned  as  1.0  in  the  absence  of  p2M  antibody  treatment.  **,  P  <  0.005, 
significant  differences  from  the  p2M-antibody-  untreated  group.  Columns,  mean 
of  five  replicate  experiments;  bars,  SD.  B,  p2M  antibody  (10  pg/mL)  inhibited 
the  cell  proliferation  of  a  broad  range  of  human  prostate  cancer  cell  lines,  LNCaP, 
C4-2B,  DU-145,  PC3,  and  ARCaP,  during  3-d  treatment. The  cell  numbers  were 
measured  daily  with  a  mitochondrial  MTS  method.  The  relative  fold  was  assigned  as 
1.0  at  day  0  for  each  prostate  cancer  cell  line.  **,  P  <  0.005,  significant  differences 
from  day  0  for  each  cell  line.  Columns,  mean  of  four  or  five  replicate  experiments; 
bars,  SD. 

caspases  showed  that  cleaved  caspase-9,  caspase-3,  and  PARP,  a 
downstream  factor  of  caspases,  were  increased  by  exposing  the 
LNCaP  and  C4-2B  cells  to  the  (32M  antibody,  but  not  the 
control  IgG,  for  a  48-h  incubation  (Fig.  3B).  The  induction  of 
cleaved  caspases  and  PARP  was  attenuated  by  the  preincubation 
of  the  p2M  antibody  with  purified  (32M  protein.  In  addition, 
cell  death  induced  by  the  (32M  antibody  was  also  confirmed 
at  the  level  of  light  microscopy  in  LNCaP  and  C4-2B  cells 
(Fig.  3C). 

Next,  we  examined  the  effects  of  the  (J2M  antibody  on  cell 
death  and/or  the  status  of  AR  in  preexisting  C4-2  (AR  positive) 
and  PC3  (AR  negative)  prostate  tumors  grown  in  mice  as 
subcutaneous  xenografts,  with  the  antibody  delivered  as 
Surgifoam  implants,  and  isotype-matched  IgG  and  saline 
delivered  similarly  as  controls.  After  1-week  treatment,  tumor 
tissues  were  harvested  from  the  euthanized  mice  and  subjected 
to  immunohistochemical  staining  of  the  AR  and  a  commer¬ 
cially  available  cell  death  marker,  M30  CytoDeath.  Figure  4A 
and  B  shows  that  the  (J2M  antibody  dramatically  inhibited  AR 
expression  in  C4-2  tumors  and  induced  cell  death  in  both  C4-2 
and  PC3  tumors  in  mice  compared  with  the  IgG-treated  and 
saline-treated  controls.  The  cell  numbers  of  positive  AR  staining 


in  the  (32M-antibody- treated  C4-2  tumor  xenografts  were 
greatly  decreased  from  81  ±  6  per  100  cells  (IgG  controls)  and 
76  ±  4  per  100  cells  (saline  controls)  to  10  ±  3  per  100  cells. 
Markedly  increased  prostate  cancer  death  from  the  (J2M 
antibody  was  observed  in  both  C4-2  (the  positive  M30 
CytoDeath  staining  cells  were  36  ±  8  cells  per  100  cells)  and 
PC3  (55  ±  15  cells  per  100  cells)  tumor  specimens  compared 
with  the  IgG-treated  (C4-2,  9  ±  2  cells  per  100  cells;  PC3,  16  ± 
3  cells  per  100  cells)  and  saline-treated  (C4-2,  10  ±  3  cells  per 
100  cells;  PC3,  13  ±  2  cells  per  100  cells)  control  groups. 

We  further  investigated  whether  the  (32M  antibody  may  be  a 
safe  reagent  to  selectively  kill  cancer  but  not  normal  or 
nontumorigenic  immortalized  cell  lines.  A  human  nontumori- 
genic  prostatic  epithelial  cell  line,  RWPE-1,  was  exposed  to  the 
(32M  antibody  and  the  control  IgG.  In  contrast  to  human 
prostate  cancer  cells,  the  (32M  antibody  did  not  inhibit  RWPE-1 
cell  growth  (Fig.  5A),  did  not  decrease  its  endogenous  AR 
expression  (Fig.  5B),  and  did  not  activate  apoptotic  marker 
expression  as  assayed  by  Western  blot  (Fig.  5B).  While  the  (32M 
antibody  showed  low  cytotoxicity  in  RWPE-1  cells,  it  also  did 
not  affect  the  growth  of  P69,  a  SV40-immortalized  human 
normal  prostatic  epithelial  cell  line  (20),  and  human  normal 
prostatic  stromal  cells  (data  not  shown). 

In  summary,  our  results  collectively  indicate  that  the  (32M 
antibody  effectively  induced  human  prostate  cancer,  but  not 
normal  prostate,  cell  apoptosis  in  culture.  The  f32M  antibody 
induced  cell  death  in  prostate  tumor  xenografts  in  mice 
regardless  of  their  AR  status.  The  (32M  antibody  was  also 
shown  to  down-regulate  AR  and  PSA  expression  in  AR-positive 
and  PSA-positive  human  prostate  cancer  cells  grown  in  culture 
and  as  subcutaneous  xenografts  in  mice. 

Discussion 

Prostate  cancer  progression  from  an  androgen-dependent 
to  an  androgen-independent  state  symbolizes  its  hormone- 
refractory  status  and  occurs  in  patients  clinically.  Because  there 
is  currently  no  effective  therapy  for  the  management  of 
hormone-refractory  prostate  cancer,  we  undertook  the  investi¬ 
gation  of  the  molecular  mechanisms  and  effects  of  a  recently 
identified  novel  molecular  target,  f32M,  using  (32M  antibody  as 
a  single  agent  in  experimental  models  of  human  prostate 
cancer.  Our  results  showed  that  the  (32M  antibody  exerted 
growth  inhibitory  and  apoptotic  action  in  AR-positive  and  PSA¬ 
positive  human  prostate  cancer  cells.  The  (32M  antibody  was 
also  shown  to  induce  similar  apoptotic  death  in  AR-negative 
and  PSA-negative,  and  androgen-unresponsive  human  prostate 
cancer  cells.  Because  aberrant  androgen  signaling  mediated  by 
the  AR,  a  ligand-activated  transcription  factor  and  a  survival 
factor,  plays  a  key  role  in  regulating  prostate  cancer  growth  and 
survival  even  in  cells  that  are  considered  as  androgen  refractory 
(21,  22),  we  investigated  the  effects  of  the  p>2M  antibody  on  the 
AR-signaling  axis  based  on  a  cDNA  microarray  study,  in  which 
targeting  (32M  was  shown  to  markedly  down-regulate  AR  and 
PSA  in  AR-positive  human  prostate  cancer  cells  C4-2B.  Our 
results  confirmed  that  the  (32M  antibody  blocked  AR  signaling 
and  PSA  production  in  a  series  of  AR-positive  and  PSA-positive, 
and  lineage-related  LNCaP  (androgen  dependent),  C4-2 
(androgen  independent),  and  C4-2B  (androgen  independent) 
cells  in  a  (3>2M-dependent  manner  (i.e.,  (32M  protein  could 
rescue  the  inhibitory  effects  of  the  (32M  antibody). 
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We  previously  reported  that  a  small  protein,  (32M,  which  was 
considered  as  a  "housekeeping"  gene  product  (23),  was  a  key 
growth  and  signaling  molecule  regulating  osteomimicry  and 
promoting  growth  and  survival  in  prostate  cancer  cells  (8,  9). 
Targeting  (32M  and  its  signaling  by  (32M  siRNA  greatly  induced 
prostate  cancer  cell  death  both  in  cultured  cells  and  in  mice 
with  preestablished  human  prostate  tumors  (8).  In  the  present 
study,  we  used  the  (32M  antibody  to  block  (32M-related 
signaling  pathways,  hoping  to  induce  apoptosis  in  prostate 
tumors  and  rationalize  the  exploration  of  the  (32M  antibody  as 
a  novel  agent  for  clinical  trial  in  men  with  hormone-refractory 
cancer.  We  showed  that  the  |32M  antibody  as  a  single  agent 
significantly  inhibited  AR  and  PSA  mRNA  and  protein 
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Fig.  3.  |}2M  antibody  induced  the  cell  death  of  prostate  cancer  cells  through  an 
apoptotic  cascade  pathway.  A,  LNCaP  and  C4-2B  cells  were  exposed  to  either 
the  p2M  antibody  or  isotype  control  IgG  (10  pg/mL)  for  48-h  incubation  and 
subjected  to  cell  cycle  analysis  determined  by  flow  cytometry.  Both  LNCaP  and 
C4-2B  cells  treated  with  the  p2M  antibody  showed  a  marked  increase  in  the 
sub-G!  DNA  contents  compared  with  IgG-treated  cells.  B,  p2M  antibody 
(0-10  pg/mL,  48-h  treatment)  activated  the  expression  of  cleaved  caspase-9, 
caspase-3,  and  PARP  proteins  in  a  dose-dependent  pattern  in  LNCaP  and  C4-2B 
cells  as  assayed  by  Western  blot.  p2M  protein  rescued  the  apoptotic  effect  of  the 
|i2M  antibody.  Control  IgG  (10  pg/mL)  did  not  activate  cleaved  caspase  and  PARP 
expression.  C,  LNCaP  and  C4-2B  cells  were  treated  with  the  p2M  antibody;  the 
p2M  antibody  was  preincubated  with  p2M  protein  or  control  IgG  (10  pg/mL)  for 
48  h  and  examined  by  light  microscopy.  Bar,  250  pm. 
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Fig.  4.  p2M  antibody  decreased  AR  expression  and  induced  the  cell  death  of 
subcutaneous  C4-2  and  PC3  prostate  tumor  growth  in  athymic  nu/nu  mice. 

A,  immunohistochemical  analysis  showed  dramatic  down-regulation  of  AR 
expression  in  p2M  antibody  -  treated  subcutaneous  C4-2  tumor  mouse  xenografts 
{n  =  4)  but  not  in  the  control  IgG-treated  (n  =  4)  or  saline-treated  ( n  =  4)  C4-2 
tumor-bearing  mice.  The  p2M  antibody  also  markedly  induced  apoptotic  death  in 
both  subcutaneous  C4-2  ( n  =  4)  and  PC3  ( n  =  4)  prostate  tumors  in  xenograft 
mice  assayed  by  M30  Cyto Death  marker  staining.  Bar,  100  pm.  B,  quantification  of 
the  positive  AR  and  M30  CytoDeath  marker  staining  cells  in  C4-2  and  PC3  tumor 
specimens  from  the  immunohistochemical  analysis  {A).  One  hundred  cells  at  five 
randomly  selected  areas  were  counted.  **,  P  <  0.005,  significant  differences  from 
the  control  IgG  group.  Columns,  mean;  bars,  SD. 


expression  in  both  LNCaP  and  C4-2B  cells  and  induced 
apoptotic  cell  death  in  prostate  tumor  cells  in  vitro  and  in 
mouse  xenografts  (C4-2  and  PC3  tumors)  in  vivo  regardless  of 
their  AR  status.  The  selective  ability  of  the  |32M  antibody  to 
block  prostate  tumor  growth  without  affecting  normal  or 
nontumorigenic  cells,  including  human  normal  prostatic 
epithelial  and  stromal  cells,  and  normal  hematopoietic  cells 
in  vitro  or  other  normal  tissues  in  vivo  (12),  suggests  that  the 
pi2M  antibody  is  a  cancer-specific  targeting  agent  that  can  be 
applied  in  the  treatment  of  human  prostate  cancers.  This 
conclusion  is  supported  by  previous  studies  in  which  immune 
intact  mice  with  [32M  knockdown  survived  and  developed  mild 
degrees  of  iron  overload  and  arthritis  without  compromising 
their  life  expectancy  (24-26).  In  addition,  during  a  10-week 
observation  period,  we  have  not  noted  any  toxicity  in  mice 
treated  intratumorally  with  the  p2M  antibody  as  evaluated  by 
their  body  weights  and  physical  appearance  (data  not  shown). 
This  observation  is  concurred  by  the  early  report  of  Yang  et  al. 
(12)  although  additional  work  is  warranted  to  test  the  potential 
cytotoxicity  of  this  antibody  in  immune  intact  hosts.  We 
envision,  nevertheless,  that  the  (32M  antibody  can  be  applied  in 
a  cyclic  manner  to  patients  with  prostate  cancer,  allowing 
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Fig.  5.  [32 M  antibody  did  not  affect  cell  proliferation  and  endogenous  AR 
expression;  it  also  did  not  induce  apoptotic  death  in  human  normal/nontumorigenic 
prostatic  epithelial  cells.  A,  (32M  antibody  (0-20  pg/mL,  3-d  incubation)  did  not 
significantly  affect  cell  proliferation  of  human  normal  prostatic  epithelial  cells, 
RWPE-1,  as  determined  by  mitochondrial  MTS  assay.  Control  IgG  (20  fig/mL) 
also  did  not  affect  the  growth  of  RWPE-1  cells.  The  relative  fold  was  assigned 
as  1.0  in  the  absence  of  (32M  antibody  treatment.  Columns,  mean  of  five  replicate 
experiments;  bars,  SD.  B,  (32 M  antibody  (0-10  pg/mL,  24-h  treatment)  did  not 
inhibit  AR  nor  activate  cleaved  caspase-9,  caspase-3,  and  PARP  protein  expression 
in  RWPE-1  cells  assayed  by  Western  blot.  Control  IgG  (10  pg/mL)  also  did  not 
affect  AR,  cleaved  caspase,  or  PARP  protein  expression. 


the  immune  system  to  return  to  normal  function  during  the 
off-cycle  of  the  (J2M  antibody  application. 

Other  than  the  blockade  of  the  (32M  antibody  on  AR  survival 
factor  expression,  the  detailed  molecular  mechanisms  by  which 
the  [J2M  antibody  induced  prostate  cancer  apoptosis  are 
unclear.  We  previously  showed  that  f32M  promoted  the 
expression  of  cell  cycle  markers,  cyclin  D1  and  cyclin  A,  and 
cell  growth  in  prostate  cancer  cells  through  the  activation  of  a 
cAMP/PKA/CREB  signaling  pathway  (8).  We  also  showed  that 
(32M  stimulated  renal  cancer  cell  proliferation  via  the  induction 
of  phosphatidylinositol  3-kinase  (PI3K)/Akt,  mitogen-activated 
protein  kinase  (MAPK),  and  cAMP/PKA/CREB  pathways  (10). 
This  pleiotropic  cell  signaling  network  activated  by  f32M  is 
likely  to  be  the  target  for  the  (32M  antibody.  It  has  been  amply 
documented  that  the  activation  of  AR,  PI3K/Akt,  and  MAPK 
pathways  are  important  features  contributing  to  uncontrolled 
prostate  cancer  cell  growth  and  survival  (22,  27,  28).  Indeed, 
we  observed  that  the  (32M  antibody  blocked  not  only  the  AR 
(Fig.  1A  and  B)  but  also  the  cell  signaling  network  mediated  by 
PI3K/Akt  and  MAPK  pathways  in  LNCaP  and  C4-2B  cells 
(Supplementary  Fig.  SI).  These  results  are  consistent  with 
previous  presentations  that  blocking  (32M-mediated  signaling 


pathways  can  interrupt  the  PI3K/Akt  and  MAPK  signaling 
pathways  and  induce  c-Jun-NH2-kinase  phosphorylation, 
resulting  in  the  activation  of  a  caspase-9  -  dependent  apoptotic 
cascade  in  human  renal  cell  carcinoma  (13)  and  hematologic 
cancer  cells  (12).  The  constitutive  activation  of  a  PI3K/Akt 
signaling  pathway  has  been  shown  in  prostate  cancer  cell  lines 
by  the  inactivation  of  the  PTEN  tumor  suppressor  (29).  Because 
the  PI3K/Akt  signaling  pathway  has  been  reported  to  mediate 
AR  mRNA  and  protein  expression  through  AR  promoter 
regulation  (30),  we  anticipated  that  the  (32M  antibody 
inhibition  of  the  PI3K/Akt  and  MAPK  signaling  pathways 
would  cause  growth  retardation,  apoptosis,  and  down- 
regulation  of  AR  expression  and  activity  in  AR-positive  and 
PSA-positive  LNCaP/C4-2/C4-2B  cells.  Likewise,  because  of  the 
blockade  of  these  critical  signaling  pathways,  we  also  expected 
diminished  growth  and  induced  apoptosis  in  AR-negative 
prostate  cancer  cells  in  vitro  and  in  vivo.  These  results  could  have 
significant  clinical  implications.  For  example,  the  (32M  antibody 
could  be  superior  to  other  antiandrogenic  therapies  with  actions 
that  rely  on  intrinsic  AR  expression  by  prostate  cancer  cells.  The 
(32M  antibody  could  be  used  either  as  a  single  reagent  or  in 
combination  with  other  therapeutic  modalities  for  the  treatment 
of  both  hormone-dependent  and  hormone-refractory  prostate 
cancers  because  these  have  been  shown  to  exhibit  marked 
heterogeneity  of  AR  expression  (31).  This  approach  is  promising, 
considering  recent  success  in  the  development  of  therapeutic 
antibodies  (32),  such  as  trastuzumab,  a  FIER2/erbB2  antibody 
for  breast  cancers;  bevacizumab,  a  vascular  endothelial  growth 
factor  antibody;  and  cetuximab,  an  epidermal  growth  factor 
receptor  antibody  for  metastatic  colon  cancers. 

In  summary,  our  investigation  revealed  for  the  first  time  that 
(a)  the  (J2M  antibody  inhibited  the  expression  of  the  AR  and 
PSA  in  both  androgen-dependent  and  androgen-independent 
AR-positive  and  PSA-positive  human  prostate  cancer  cells;  (b) 
the  (32M  antibody  has  a  broad  spectrum  of  growth-inhibitory 
effects  in  both  AR-positive  and  AR-negative  prostate  cancer 
cells;  and  (c)  although  the  (32M  antibody  has  been  shown  to  be 
a  potent  pleiotropic  signaling  and  growth  inhibitor  and  to 
induce  programmed  cell  death  through  a  caspase-9  -  dependent 
pathway  in  prostate  cancer  cells,  this  antibody  exhibited  low 
cytotoxicity  in  human  normal  prostatic  epithelial  and  stromal 
cells,  which  make  it  an  attractive  and  safe  therapeutic  agent  for 
future  clinical  application  to  treat  prostate  cancer  and  its 
progression. 
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BKM1740,  an  Acyl-Tyrosine  Bisphosphonate  Amide  Derivative, 
Inhibits  the  Bone  Metastatic  Growth  of  Human  Prostate 
Cancer  Cells  by  Inducing  Apoptosis 

Seong  II  Seo,2  Lajos  Gera,3  Haiyen  E.  Zhau,1  Wei  Ping  Qian,1  Shareen  Iqbal,1  Nicole  A.  Johnson,1 
Shumin  Zhang,1  Majd  Zayzafoon,4  John  Stewart,3  Ruoxiang  Wang,1 
LelandW.K.  Chung,1  and  DaqingWu1 


Abstract  Purpose:  Survivin  overexpression  has  been  associated  with  an  unfavorable  outcome  in 
human  PCa;  however,  its  role  in  metastasis  remains  elusive.  We  aim  to  (a)  evaluate  the  clinical 
implications  of  survivin  expression  in  PCa  bone  metastasis:  ( b )  determine  in  vivo  efficacy 
of  BKM1740,  a  small-molecule  compound,  against  PCa  skeletal  growth  and  survival;  and  (c) 
investigate  molecular  mechanism  by  which  BKM1740  augments  apoptosis  in  bone  metastatic 
PCa  cells. 

Experimental  Design:  Survivin  expression  was  analyzed  in  PCa  specimens  and  experimental 
models.  Bone  metastatic  C4-2  and  ARCaPM  cell  lines  were  used  to  evaluate  the  in  vitro  effects 
of  BKM1740  and  molecular  mechanism  for  the  induction  of  apoptosis.  C4-2  cells  were  grown 
intratibially  in  athymic  nude  mice  to  evaluate  the  in  vivo  efficacy  of  BKM1740.  Tumor  growth  in 
mouse  bone  was  assessed  by  serum  prostate-specific  antigen  and  radiography  and  confirmed 
by  immunohistochemical  analyses. 

Results:  Survivin  expression  is  positively  associated  with  clinical  PCa  bone  metastasis. 
BKM1740  induced  apoptosis  in  PCa  cells  by  repressing  survivin.  Mice  with  established  C4-2 
tumors  in  tibia  showed  a  marked  decrease  in  serum  prostate-specific  antigen  and  much  improved 
bone  architecture  radiographically  after  treatment  with  BKM1740.  Immunohistochemical  assays 
of  mouse  tumor  samples  confirmed  that  the  in  vivo  effects  were  mediated  by  inhibition  of  survivin 
and  induction  of  apoptosis. 

Conclusions:  Survivin  expression  is  associated  with  PCa  bone  metastasis.  BKM1740  treatment 
specifically  inhibited  survivin  and  induced  apoptosis  in  vitro  and  was  efficacious  in  retarding  PCa 
skeletal  growth  in  a  mouse  model.  BKM1740  is  a  promising  small-molecule  compound  that  could 
be  used  to  treat  PCa  bone  metastasis. 
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Bone  metastasis  and  skeletal  complications  are  the  major  con¬ 
tributing  factors  to  human  prostate  cancer  (PCa)  morbidity  and 
mortality  ( 1 ) .  The  gain  of  function  of  antiapoptotic  factors  and/or 
loss  of  function  of  proapoptotic  proteins  may  allow  PCa  cells 
to  evade  apoptosis  during  dissemination  and  growth  in  bone 
tissue  (2).  As  a  member  of  the  inhibitor  of  apoptosis  family,  sur¬ 
vivin  intersects  multiple  survival  signals  and  is  highly  differentially 
expressed  in  cancer  (3).  In  PCa,  survivin  overexpression  has 
frequently  been  associated  with  an  unfavorable  outcome.  Survivin 
expression  is  significantly  elevated  in  tumors  with  a  high  Gleason 
score  and  lymph  node  metastasis  (4,  5).  Survivin  also  mediates 
resistance  to  antiandrogen  therapy,  chemotherapy,  and  irradia¬ 
tion  (6  -  8 ) .  However,  despite  the  well-defined  function  of  survivin 
in  antagonizing  death  signals  during  tumorigenesis,  little  is 
known  about  its  role  in  tumor  invasion  and  metastasis  (9). 

Currently,  several  strategies  are  being  pursued  to  target 
survivin  expression  or  interrupt  its  antiapoptotic  function. 
Some  have  been  in  clinical  trials  for  a  variety  of  human  cancers 
(see  ref.  10  for  review).  Some  small-molecule  antagonists  exert 
their  antitumor  function  by  indirectly  targeting  pathways 
implicated  in  survivin  regulation  (such  as  STA-21  inhibition 


Clin  Cancer  Res  2008:14(19)  October  1,  2008 


6198 


www.aacrjournals.org 


BKM1740  Inhibits  Skeletal  Growth  of  Human  PCa 


Translational  Relevance 

Bone  metastasis  is  the  leading  cause  of  prostate  cancer 
(PCa)  death.  Current  therapy  does  not  improve  patient 
survival.  It  is  critical  to  identify  novel  targets  for  developing 
efficacious  treatments.  This  study  showed  that  overex¬ 
pression  of  survivin,  a  critical  antiapoptotic  protein,  is 
associated  with  clinical  PCa  progression  and  bone  metas¬ 
tasis.  We  developed  BKM1740,  a  small-molecule  acyl- 
tyrosine  bisphosphonate  amide  derivative,  and  found  that 
BKM1740  efficaciously  retards  PCa  skeletal  growth  in  athy- 
mic  nude  mice.  Mechanistic  study  confirmed  that  the 
in  vivo  effects  were  mediated  by  specific  inhibition  of  survi¬ 
vin  and  induction  of  apoptosis.  This  study  validated  the 
clinical  implications  of  survivin  expression  in  PCa  bone 
metastasis  and  may  have  a  significant  effect  on  the  devel¬ 
opment  of  efficacious  and  safe  therapeutic  regimens  for 
metastatic  PCa  and  other  types  of  cancers. 


of  the  signal  transducer  and  activator  of  transcription  3  path¬ 
way  or  flavopiridol  inhibition  of  cyclin-dependent  kinase  1 
activity)  or  by  perturbing  protein-protein  interaction  between 
survivin  and  its  partners  (such  as  shepherdin,  a  peptidyl 
antagonist  that  may  disrupt  the  interaction  between  heat  shock 
protein  90  and  survivin).  Some  agents  have  been  developed  to 
directly  suppress  survivin  expression,  including  an  antisense 
molecule  (LY218130B)  and  transcriptional  repressors  (YM155 
and  EM-1421).  In  established  human  PCa  PC-3  xenografts, 
YM155,  a  small  imidazolium-based  compound,  was  shown  to 
specifically  suppress  survivin  transcription  (11).  Two  phase  I 
trials  for  YM155  have  been  completed  in  41  patients  with  PCa, 
non -Hodgkin  lymphoma,  or  colorectal  cancer.  The  treatment 
was  well  tolerated  and  exhibited  encouraging  antitumor  effi¬ 
cacy  (12).  Nonetheless,  the  portfolio  of  truly  survivin-directed 
antagonists  or  suppressors  available  for  clinical  testing, 
particularly  in  metastatic  cancer,  is  small  (10). 

Bradykinin-related  compounds  are  emerging  as  promising 
antitumor  agents  (13  -  15).  In  experimental  models  for  human 
PCa  and  lung  cancer,  a  bradykinin  antagonist  peptide  dimer, 
B-9870  (CU201),  and  its  nonpeptide  mimetic,  BKM-570, 
suppress  tumor  growth  and  act  synergistically  with  standard 
chemotherapy  drugs  such  as  cisplatin  and  Taxotere  (16-18). 
Mechanistic  study  indicated  that  the  bradykinin-related  com¬ 
pounds  induce  caspase-dependent  apoptosis  in  cancer  cells 
while  inhibiting  angiogenesis  and  reducing  tissue  permeability 
mediated  by  matrix  metalloproteinases  (MMP)  in  tumors  (15). 
Therefore,  these  compounds  may  be  pluripotent  anticancer 
agents.  To  explore  novel  drugs  that  may  specifically  target  bone 
metastatic  PCa  cells,  we  developed  a  BKM-570  analogue  con¬ 
jugated  with  an  aminobisphosphonate  group.  This  compound, 
termed  BKM1740,  was  found  to  be  efficacious  in  retarding 
skeletal  growth  of  human  PCa  cells  through  direct  inhibition  of 
survivin  in  a  xenograft  model. 


Materials  and  Methods 

Cell  lines  and  culture  conditions.  Human  PCa  cell  lines  LNCaP, 
C4-2  (19),  ARCaPE,  and  ARCaPM  (20)  were  regularly  maintained  in 


T-medium  (Invitrogen)  supplemented  with  5%  fetal  bovine  serum 
(Sigma),  100  IU/L  penicillin  G,  and  100  pg/L  streptomycin  at  37°C 
under  5%  C02. 

Chemicals.  BKM1740  was  developed  and  synthesized  by  Gera  in 
the  Stewart  laboratory  according  to  previously  described  methods 
(18,  21,  22).  For  the  in  vitro  and  in  vivo  studies,  the  BKM1740  was 
dissolved  in  DMSO  (Sigma)  at  10  mg/mL  stock  solution  and  its  purity 
was  determined  to  be  a  minimum  of  99%  by  high-performance  liquid 
chromatography. 

Cell  proliferation  assay.  Cell  proliferation  was  measured  using  the 
CellTiter  96  AQueous  Non-Radioactive  Cell  Proliferation  Assay  [3-(4,5- 
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)- 
2H-tetrazolium  salt  (MTS)  assay;  Promega],  Briefly,  cells  suspended  in 
T-medium  plus  5%  fetal  bovine  serum  were  added  to  96-well  plates  at 
5,000  per  well  in  sextuplicate.  After  24  h  of  culture,  BKM1740  or  DMSO 
was  added  in  various  concentrations,  and  cells  were  cultured  for 
the  indicated  time.  Combined  MTS/phenazine  methosulfate  solution 
(20  pL/well)  was  added  to  the  cells  and  the  absorbance  at  490  nm  was 
recorded  after  1  h  of  incubation  at  37°C  using  a  microplate  reader 
(Bio-Rad  Laboratories).  Cell  viability  was  expressed  as  relative  survival 
with  controls  recorded  as  100%. 

Reporter  assay.  Cells  were  seeded  at  a  density  of  1 . 5  x  1 05  per  well  in 
12-well  plates  24  h  before  transfection.  pSurvivin-lucl430  (23)  and 
pRL-TK  (as  internal  control;  Promega)  were  introduced  using  Lipofect- 
amine  2000  (Invitrogen).  A  Dual-Luciferase  Reporter  Assay  kit  (Prom¬ 
ega)  was  used  to  determine  the  firefly  luciferase  activity  and  Renilla 
luciferase  activity.  Data  were  presented  as  relative  luciferase  activity 
(firefly  luciferase  activity  normalized  to  Renilla  luciferase  activity). 

Western  blot  analysis.  Total  cell  lysates  were  prepared  using  radio- 
immunoprecipitation  assay  buffer  (Santa  Cruz  Biotechnology) .  Protein 
concentrations  in  the  supernatants  were  measured  with  the  bicincho- 
ninic  acid  protein  assay  kit  (Pierce  Biotechnology).  Total  protein 
(50  |rg)  was  loaded  to  each  lane,  resolved  on  a  4%  to  12%  NuPAGE 
Bis-Tris  -  buffered  (pH  7.0)  polyacrylamide  gel  (Invitrogen),  and 
transferred  onto  a  nitrocellulose  membrane  (Bio-Rad  Laboratories). 
The  membrane  was  incubated  with  anti-survivin  (Novus  Biologicals), 
anti-caspase-3,  anti-cleaved  caspase-3,  anti-caspase-8,  anti-cleaved 
caspase-8,  anti-caspase-9,  anti-poly(ADP-ribose)  polymerase  (Cell 
Signaling),  and  anti-myeloid  cell  leukemia- 1  (Mcl-1)  and  MMP-9 
(Santa  Cruz  Biotechnology),  with  anti-p-actin  (Sigma)  or  anti-EFla 
(BD  Transduction  Laboratories)  as  loading  controls.  The  reactive  bands 
were  visualized  by  an  enhanced  chemiluminescence  assay  kit  (Amer- 
sham  Pharmacia  Biotech).  Quantification  of  band  intensity  was 
measured  by  densitometry  and  analyzed  with  ImageJ  (NIH).  Relative 
protein  expression  was  expressed  as  fold  change  compared  with  control 
(p-actin  or  EFla). 

Reverse  transcription-PCR.  Total  RNA  was  prepared  using  a  Qiagen 
RNeasy  kit.  One  microgram  was  used  as  a  template  in  a  reaction 
using  the  Superscript  III  One-Step  reverse  transcription-PCR  (RT-PCR) 
kit  (Invitrogen).  The  primer  pairs  specific  for  human  survivin  are 
5'-ccaccgcatctctacattca-3'  (forward)  and  5'-gcactttcttcgcagtttc-3'  (reverse); 
for  human  Mcl-1,  5'-gaggaggaggaggacgagtt-3'  (forward)  and  5'-gtccc- 
gttttgtccttacga-3'  (reverse).  The  primers  for  vascular  endothelial  growth 
factor  (VEGF)  and  glyceraldehyde-3-phosphate  dehydrogenase  were 
described  previously  (24).  The  thermal  profile  is  23  cycles  for  human 
survivin,  Mcl-1,  and  VEGF  amplification  or  20  cycles  for  glyceralde- 
hyde-3-phosphate  dehydrogenase,  with  94°C,  15  s;  55°C,  30  s;  and 
68°C,  60  s.  Quantification  of  band  intensity  was  measured  by  densi¬ 
tometry  and  analyzed  with  ImageJ.  Relative  mRNA  abundance  was 
expressed  as  fold  change  compared  with  control  (glyceraldehyde- 
3-phosphate  dehydrogenase). 

Condition  medium  preparation.  Subconfluent  C4-2  cells  were 
serum  starved  overnight  and  further  treated  with  BKM1740  or  DMSO 
in  fresh  serum-free  T-medium  for  48  h  before  condition  media  were 
collected  (24). 

ELISA.  Vascular  endothelial  cell  growth  factor  (VEGF)  concentra¬ 
tion  was  analyzed  using  a  Quantikine  ELISA  kit  (R&D  Systems). 
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Apoptosis  analysis.  Cells  treated  with  DMSO  or  BKM1740  were 
trypsinized  and  washed  with  PBS  and  resuspended  in  Annexin-binding 
buffer  (BD  PharMingen).  Cells  were  then  stained  with  both  Annexin 
V-phycoerythrin  and  7-amino-actinomydn  for  15  min  at  room  tempe¬ 
rature.  The  stained  samples  for  apoptosis  assay  were  measured  using  a 
fluorescence-activated  cell  sorting  (FACS)  caliber  bench-top  flow 
cytometer  (Becton  Dickinson).  The  data  were  analyzed  using  Flowjo 
software  (Tree  Star,  Inc.).  The  experiments  were  repeated  at  least  thrice 
independently. 

Assessment  of  in  vivo  effects  of  BKM1740  on  human  prostate  tumor 
xenografts  in  mouse  bone.  All  animal  procedures  were  done  in 
compliance  with  Emory  University  Institutional  Animal  Care  and  Use 
Committee  and  NIH  guidelines.  A  total  of  1.0  x  106  C4-2  cells  were 
inoculated  in  mouse  bilateral  tibia  using  a  previously  established 
procedure  (25,  26).  Blood  specimens  (70  pL)  were  obtained  from  the 
retro-orbital  sinus  vein  every  2  wk  for  serum  prostate-specific  antigen 
(PSA)  determination.  Serum  PSA  was  determined  by  microparticle 
ELISA  using  an  Abbott  IMx  instrument  (Abbott  Laboratories).  A  total  of 
20  athymic  male  nude  mice  (BALB/c  nu/nu;  National  Cancer  Institute, 
Bethesda,  MD)  were  divided  into  two  groups:  a  vehicle  control  group 
(n  =  11)  and  a  BKM1740  treatment  group  (n  =  9).  The  treatments  were 
initiated  at  4  wk  after  tumor  cell  inoculation  with  confirmed  tumors  in 
bone  by  X-ray  and  positive  serum  PSA  (25,  27).  BKM1740  was 
dissolved  in  100%  DMSO  as  a  stock  solution  of  1 0  mg/mL.  Mice  were 
given  BKM1740  every  2  d  at  5  mg/kg  via  the  i.p.  route  for  an  8-wk 
period.  Control  mice  received  vehicle  injections  for  the  same  duration. 
Mice  were  weighed  every  week  and  tumor  growth  in  bilateral  tibia  was 
followed  by  serum  PSA  and  X-ray  every  2  wk.  Mice  were  sacrificed  8  wk 
after  the  initiation  of  treatment.  The  bilateral  tibia  were  removed,  fixed 
in  10%  neutralized  formalin  for  48  h,  and  decalcified  in  EDTA  (pH  7.2) 
for  15  d.  Tibia  specimens  were  dehydrated  and  paraffin  embedded  for 
immunohistochemical  analyses.  To  assess  the  systemic  toxicity  of 
BKM1740,  athymic  nude  mice  (n  =  4)  were  administered  at  a  high  dose 
of  20  mg/kg  via  the  i.p.  route,  twice  per  week,  for  4  wk. 


Immunohistochemical  analysis.  Survivin  expression  was  analyzed  in 
five  human  normal/benign  prostatic  glands,  five  each  of  well- 
differentiated  and  poorly  differentiated  primary  PCa,  and  four  bone 
metastatic  PCa  tissue  specimens.  Cell  proliferation  (Ki67),  cell  death 
(M30),  and  survivin  in  bone  tumor  specimens  obtained  from  control 
and  BKM1740-treated  mice  (two  in  each  group)  were  conducted. 
Antibodies  used  were  goat  polyclonal  antibody  against  Ki67  (1:500; 
Santa  Cruz  Biotechnology),  mouse  monoclonal  antibody  against 
M30  CytoDeath  (1:500;  DiaPharma  Group,  Inc.),  and  rabbit  polyclonal 
antibody  against  survivin  (1:200;  Novus  Biologicals).  Tissues  were 
deparaffinized,  rehydrated,  and  subjected  to  5-mn  pressure-cooking 
antigen  retrieval,  10-min  double  endogenous  enzyme  block,  and 
30-min  primary  antibody  incubation,  and  subjected  to  30-min 
DakoCytomation  EnVision+  horseradish  peroxidase  reagent  (for  M30 
and  survivin)  or  15  min  each  of  biotinylated  link  and  streptavidin- 
peroxidase  label  reagents  (for  Ki67)  incubation.  Signals  were  detected 
by  adding  substrate  hydrogen  peroxide  using  diaminobenzidine  as 
chromogen  and  counterstained  by  hematoxylin.  All  reagents  were 
obtained  from  Dako  Corp.  Matching  sera  and  IgG  were  used  as  negative 
controls.  Relative  expression  of  Ki67,  M30,  and  survivin  was  shown  as 
the  number  of  positively  stained  cells  in  200  cells  ±  SE  at  three 
randomly  selected  areas  at  xlOO  magnification. 

Data  analysis.  All  data  represent  three  or  more  experiments. 
Treatment  effects  were  evaluated  using  a  two-sided  Student's  t  test. 
Errors  are  SE  values  of  averaged  results,  and  values  of  P  <  0.05  were 
taken  as  a  significant  difference  between  means. 

Results 

Elevation  of  survivin  is  correlated  to  bone  metastasis  status 
in  human  PCa  tumors.  To  investigate  the  clinicopathologic 
significance  of  survivin  expression  in  human  PCa  progression, 
we  analyzed  the  immunohistochemical  protein  expression  of 
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Fig.  1-  Survivin  expression  is  associated  with  bone 
metastasis  in  human  PCa  specimens  and  the  ARCaP 
experimental  model.  A,  survivin  expression  increased  during 
PCa  progression  from  normal  to  primary  cancer  to  bone 
metastasis.  B,  RT-PCR  and  Western  blot  analyses  of  survivin 
expression  in  human  PCa  cell  models.  Survivin  increased  in 
bone  metastatic  C4-2  and  ARCaPM  cells  compared  with 
their  parental  LNCaP  and  ARCaPE  cells.  Relative  expression 
was  expressed  as  fold  change  compared  with  controls. 
GAPDH,  glyceraldehyde-3 -phosphate  dehydrogenase. 

C,  survivin  expression  in  bone  metastatic  ARCaPM  tumor 
was  higher  than  in  primary  tumor. 
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survivin  in  primary  and  bone  metastatic  PCa  tissue.  We  defined 
well-differentiated  PCa  as  Gleason  score  <6  and  poorly 
differentiated  PCa  as  Gleason  score  >8.  Survivin  expression 
was  undetectable  to  marginal  in  all  normal/benign  glands 
(n  =  5)  and  increased  from  well-differentiated  cancer  (n  =  5)  to 
poorly  differentiated  cancers  (n  =  5).  Importantly,  survivin  was 
highly  expressed  in  all  bone  metastatic  PCa  tumor  specimens 
(n  =  4;  Fig.  1A).  These  data  suggest  that  survivin  expression  is 
positively  associated  with  PCa  progression,  particularly  bone 
metastasis. 

We  have  established  several  lines  of  human  PCa  cells  that 
represent  a  continuum  of  PCa  progression  closely  mimicking 
the  clinical  pathophysiology  of  bone  metastasis  (see  ref.  28 
for  review).  Two  lineage-related  sets  of  PCa  cells  were  used  in 
this  study:  the  LNCaP-C4-2  model  (19,  29)  and  the  ARCaPE- 
ARCaPM  model  (20,  24,  30).  RT-PCR  and  Western  blotting 
analyses  indicated  that  survivin  expression  was  elevated  in 
highly  bone  metastatic  C4-2  and  ARCaPM  PCa  cell  lines 
compared  with  the  less  invasive  parental  cell  lines  LNCaP  and 
ARCaPE  (Fig.  IB).  ARCaPM  cells  were  inoculated  into  athymic 
mice  s.c.,  which  resulted  in  metastases  to  bone  tissues  within  a 
short  latency  period  (20,  31).  Survivin  expression  was 
examined  by  immunohistochemical  staining  of  the  ARCaPM 
tumor  specimens  from  either  the  primary  site  (s.c.  injection)  or 
metastatic  bone.  Consistently,  survivin  protein  level  was 
significantly  increased  in  bone  metastatic  tumor  compared 
with  the  primary  tumor  (Fig.  1C).  These  data  obtained  from  in 
vivo  PCa  models  validate  a  positive  correlation  between 
survivin  expression  and  the  bone  metastatic  propensity 
observed  in  clinical  specimens. 

BKM1740  induces  apoptosis  in  metastatic  PCa  cells. 
BKM1740  is  an  acyl-tyrosine  bisphosphonate  amide  derivative, 
which  was  developed  from  the  key  chemical  structure  of 
BKM-570,  F5c-OC2Y  [N-(2, 3,4,5, 6-pentaflurocinnamoyl)-0- 
(2,6-dichlorobenzyl)-tyrosine;  refs.  18,  22],  BKM1740  is 
expected  to  have  potent  antitumor  activity  exhibited  by  the 
F5c-OC2Y  moiety  and  can  be  selectively  taken  up  and  adsorbed 
to  mineral  surfaces  in  bone  because  of  the  introduction  of  the 
aminobisphosphonate  moiety  (32). 

We  first  evaluated  the  cytotoxic  effects  of  BKM1740  on  bone 
metastatic  PCa  cells.  C4-2  and  ARCaPM  cells  were  exposed  to 
the  indicated  concentrations  of  BKM1740  for  various  durations 
and  cell  proliferation  was  determined  by  MTS  assay.  BKM1740 
was  found  to  inhibit  the  in  vitro  growth  of  C4-2  (Fig.  2B)  and 
ARCaPM  cells  (Fig.  2C)  in  a  dose-  and  time-dependent  manner, 
with  50%  inhibition  (IC50)  observed  at  2  and  9  pmol/L, 
respectively.  Interestingly,  compared  with  C4-2  cells,  ARCaPM 
only  responded  to  BKM1740  treatment  significantly  within  a 
narrow  dose  range  (between  8  and  10  pmol/L),  suggesting  that 
this  cell  line  is  more  resistant  to  the  cytotoxicity  of  BKM1740 
(Fig.  2C). 

To  further  elucidate  the  mechanism  for  the  effects  of 
BKM1740  on  PCa  cell  viability,  we  determined  Annexin  V 
expression,  an  indicator  of  apoptosis,  in  C4-2  cells  treated  with 
BKM1740  at  the  indicated  concentrations  for  24  h  (Fig.  3A). 
Fluorescence-activated  cell  sorting  analysis  indicated  that 
BKM1740  treatment  significantly  induced  apoptosis  in  C4-2 
cells  in  a  dose-dependent  manner.  Greater  than  40%  cell  death 
can  be  achieved  in  24  h  with  5  pmol/L  BKM1740  (Fig.  3B). 
Expression  of  caspases  was  determined  by  Western  blot  analysis 
of  C4-2  cells  treated  with  5  pmol/L  BKM1740.  Activation  of 


caspase-3,  caspase-8,  and  caspase-9,  as  exhibited  by  increased 
cleaved  protein  bands  at  17,  40,  and  35  kDa,  respectively,  was 
observed  after  incubation  with  BKM1740  for  12  h.  Cleavage  of 
poly(ADP-ribose)  polymerase,  an  indicator  of  apoptosis  shown 
as  a  band  at  89  kDa,  also  increased  significantly  (Fig.  3C).  These 
data  suggest  that  BKM1740  induces  apoptosis  in  metastatic 
PCa  cells  through  a  caspase-dependent  pathway. 

BKM1740  specifically  inhibits  expression  of  survivin  in  meta¬ 
static  PCa  cells.  Multiple  factors  are  involved  in  the  regulation 
of  cell  death  by  apoptosis  (33).  To  elucidate  the  specific 
signaling  pathway(s)  mediating  the  cytotoxicity  of  BKM1740  in 
PCa  cells,  we  analyzed  the  expression  of  several  antiapoptotic 
proteins  in  C4-2  cells  treated  with  BKM1740  (Fig.  4A  and  B). 
RT-PCR  assay  indicated  that  BKM1740  significantly  inhibited 
survivin  expression  at  the  mRNA  level.  BKM1740  treatment 
did  not  significantly  affect  the  expression  of  antiapoptotic 
protein  Mcl-1  (34).  Expression  ofVEGF,  inhibited  by  treatment 
with  BKM-570  in  a  previous  study  (22),  was  not  affected  by 
BKM1740  at  either  the  mRNA  (Fig.  4A)  or  protein  level 
(Fig.  4B).  Western  blot  analysis  confirmed  the  inhibition  of 
survivin  protein  expression  following  BKM1740  treatment  in 
C4-2  and  ARCaPM  cells  (Fig.  4A  and  C).  Basal  expression  of 
MMP-9,  an  important  MMP  implicated  in  PCa  metastasis 
(22,  35),  was  not  detected  in  C4-2  cells  by  Western  blot  analysis 
(data  not  shown)  and  not  affected  by  BKM1740  treatment  in 
ARCaPM  cells  (Fig.  2C). 

C4-2  cells  were  transiently  transfected  with  a  survivin- 
luciferase  reporter  (pSurvivin-lucl430)  composed  of  a  1,430- 
bp  region  of  human  survivin  promoter  (23).  The  cells  were 
further  treated  with  BKM1740  at  the  indicated  concentrations 
for  24  h  before  the  luciferase  activity  assay  was  done.  The  data 
indicated  that  BKM1740  inhibited  the  survivin  reporter  activity 
in  a  dose-dependent  manner  (Fig.  4D),  suggesting  that  survivin 
transcription  was  suppressed  by  BKM1740  treatment  in  C4-2 
cells,  which  was  consistent  to  the  RT-PCR  results  (Fig.  4A). 
Taken  together,  these  data  showed  that  BKM1740  specifically 
inhibits  survivin  expression  in  bone  metastatic  PCa  cells,  which 
may  mediate  the  activation  of  caspase-dependent  apoptotic 
death  caused  by  this  compound. 

BKM1740  treatment  inhibits  in  vivo  C4-2  tumor  growth  in 
mouse  skeleton.  To  evaluate  the  in  vivo  effect  of  BKM1740 
against  the  growth  of  bone  metastatic  PCa  tumors,  we  treated 
athymic  nude  mice  bearing  intratibial  C4-2  xenografts  with 
BKM1740  at  a  dose  of  5  mg/kg  by  the  i.p.  route,  once  every 
2  days.  The  treatment  started  on  day  28  (4  weeks)  after  tumor 
inoculation  and  continued  for  8  weeks.  Tumor  growth  and 
responsiveness  to  BKM1740  treatment  were  determined  by 
serum  PSA  and  skeletal  X-ray.  As  shown  in  Fig.  5A,  there  was  a 
significant  reduction  in  serum  PSA  levels  in  the  BKM1740- 
treated  groups  compared  with  vehicle  control  at  8  weeks 
(P  <  0.05).  Representative  radiographs  are  shown  in  Fig.  5B. 
Compared  with  the  vehicle  control,  C4-2  tumor-bearing  bone 
treated  with  BKM1740  displayed  improved  architecture  with 
reduced  osteolytic  destruction  and  osteoblastic  lesions  (Fig.  5B, 
left).  These  X-ray  results  were  consistent  with  the  inhibitory 
effects  of  BKM1740  treatment  on  serum  PSA  levels  in  C4-2 
tumor-bearing  mice.  Mice  treated  with  BKM1740  gained  weight 
comparably  with  the  controls  (data  not  shown).  To  assess  the 
potential  in  vivo  toxicity  of  BKM1740  treatment,  athymic  nude 
mice  without  C4-2  tumor  inoculation  were  treated  with  a  high 
dose  of  BKM1740  (20  mg/kg)  for  4  weeks.  No  systemic  toxicity 
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Fig.  2.  BKM1740,  an  acyl-tyrosine 
bisphosphonate  amide  derivative,  inhibits 
in  vitro  proliferation  of  C4-2  and  ARCaPM 
cells.  A,  chemical  structure  of  BKM1740. 

B  and  C,  BKM1740  effects  on  proliferation 
of  C4-2  (B)  and  ARCaPM  cells  (C).  PCa 
cells  were  cultured  in  the  presence  of 
BKM1740  at  indicated  concentrations  for 
various  durations.  The  effects  of  BKM1740 
treatment  on  cell  numbers  were  evaluated 
using  MTS  assay. 


was  observed,  and  the  mice  gained  body  weight  during  the 
treatment  (Supplementary  Data).  X-ray  radiography  showed 
intact  bone  architecture  like  that  in  normal  mouse  (Fig.  5B, 
right).  These  results  suggested  negligible  in  vivo  acute  toxicity  of 
BKM1740  treatment. 

Immunohistochemical  analysis  of  human  PCa  xenografts 
subjected  to  BKM1740  treatment.  The  effects  of  BKM1740 
treatment  on  C4-2  tumor  growth  in  tibia  were  confirmed  by 
immunohistochemical  analyses  of  the  harvested  tumor  speci¬ 
mens  at  the  termination  of  the  experiments.  Immunohisto¬ 
chemical  staining  of  mouse  tibia  indicated  that  compared  with 
vehicle  control,  BKM1740  treatment  resulted  in  (<i)  markedly 
decreased  cell  proliferation  (Ki67)  and  massive  apoptosis 
(M30)  in  tumor  tissues  and  ( b )  significant  inhibition  of 
survivin  expression  (Fig.  6A).  These  differences  are  statistically 
significant  (Fig.  6B).  The  data  confirmed  that  the  in  vivo  effects 


of  BKM1740  on  C4-2  tumor  growth  were  mediated  by 
suppression  of  survivin  expression  and  induction  of  apoptosis 
in  PCa  tumors. 

Discussion 

Current  regimens  treating  metastatic  PCa  by  conventional 
hormone  therapy,  chemotherapy,  or  radiation  therapy  have  not 
resulted  in  improved  patient  survival  (36).  New  approaches 
targeting  bone  with  bisphosphonates  to  slow  down  skeletal 
events,  and  bone-directed  chemotherapy  and  radiation  therapy 
using  strontium-89  or  samarium- 153,  have  been  approved  by 
the  Food  and  Drug  Administration  for  the  clinical  treatment  of 
bone  metastasis  in  PCa  and  breast  cancer  (37).  In  addition, 
"cotargeting"  both  the  tumor  and  its  stromal  microenviron¬ 
ment  using  gene  therapy  approaches,  and  drug  therapy 
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targeting  osteoblasts,  osteoclasts,  marrow  stromal  cells,  bone- 
derived  endothelium,  cell  adhesion  to  extracellular  matrices,  or 
selected  growth  factor  pathways  (see  refs.  2,  38  for  reviews),  has 
shown  promise  in  a  large  number  of  bone  metastasis  models. 
In  this  study,  we  present  evidence  indicating  that  BKM1740,  a 
novel  bradykinin-related  compound  conjugated  with  aminobi- 
sphosphonate,  induced  massive  apoptosis  and  retarded  tumor 
growth  in  a  human  PCa  bone  metastasis  model.  These  data 
suggest  that  BKM1740  is  an  attractive  compound  for  evaluation 
as  a  PCa  skeletal  metastasis  drug. 

Aberrant  signal  transduction  in  both  tumors  and  the  bone 
microenvironment  is  critical  in  defining  the  invasiveness  of  PCa 
cells.  "Targeted  therapy"  to  interrupt  specific  signaling  pathways 
implicated  in  PCa  progression  is  a  promising  approach 
supported  by  recent  experimental  and  clinical  studies  (39). 
Multiple  signaling  molecules  have  been  identified  as  possible 
"targets"  for  rational  drug  design.  Among  them,  survivin  is 
considered  uniquely  promising  for  two  reasons:  ( a )  survivin 
intersects  multiple  signaling  networks  implicated  in  the 
inhibition  of  apoptosis  and  therefore  blockade  of  the  survivin 
signal  will  interrupt  tumor  progression  regardless  of  the  genetic 
background  of  the  tumor  and  ( b )  survivin  is  overexpressed  by 
virtually  all  solid  tumors  but  undetectable  or  at  very  low  levels 
in  most  terminally  differentiated  normal  tissues;  therefore. 


survivin-based  therapy  may  specifically  target  tumors  with  a 
favorable  toxicity  profile  (3). 

Although  survivin  expression  has  been  correlated  to  ad¬ 
vanced  stages  of  PCa  with  higher  Gleason  scores  and  lymph 
node  metastasis  (4,  5),  its  role  in  PCa  bone  metastasis  remains 
elusive.  To  validate  survivin  as  a  rational  target  for  PCa  bone 
metastasis,  we  first  investigated  the  clinical  significance  of 
survivin  in  human  PCa  progression.  The  data  showed  that 
survivin  expression  is  positively  associated  with  higher  Gleason 
scores  in  primary  prostatic  tumors,  indicating  that  survivin  is 
important  in  tumorigenesis.  Intriguingly,  survivin  expression  is 
further  increased  in  bone  metastatic  PCa  specimens,  which  we 
confirmed  in  PCa  bone  metastatic  models  of  LNCaP-C4-2  and 
ARCaP.  Despite  the  limited  numbers  of  tumor  specimens 
(which  were  extremely  difficult  to  obtain),  these  results  for  the 
first  time  suggest  a  crucial  role  for  survivin  in  the  progression  of 
advanced  PCa  toward  bone  metastasis.  We  hypothesize  that 
overexpression  of  survivin  may  confer  survival  advantages  to 
metastatic  PCa  cells  that  allow  them  to  successfully  disseminate 
and  colonize.  Inhibition  of  survivin  expression  may  reverse  this 
and  induce  regression  of  tumor  growth  in  bone. 

Bradykinin-related  compounds  are  being  explored  as  prom¬ 
ising  anticancer  drugs.  Several  bradykinin  antagonists  and  their 
mimetic  have  been  found  to  effectively  inhibit  tumor  growth  in 


Fig.  3.  BKM1740  induces  apoptosis  in  metastatic  PCa 
cells.  A,  C4-2  cells  were  treated  with  BKM1740  at  the 
indicated  concentrations  for  24  h,  and  Annexin  V 
fluorescence-activated  cell  sorting  (FACS)  analysis 
was  done.  B,  percentage  of  apoptotic  cells  induced  by 
BKM1740  treatment.  C,  Western  blot  analysis  of 
activation  of  caspase  pathways.  C4-2  cells  were 
exposed  to  5  pmol/L  BKM1740  for  12  h.  Activated 
caspase-3,  caspase-8,  and  caspase-9  and  cleavage  of 
poly(ADP-ribose)  polymerase  (PARP)  were  detected 
by  the  increased  banding  of  proteins  at  17,  40,  35,  and 
89  kDa,  respectively.  Relative  expression  was  expressed 
as  fold  change  compared  with  the  EF1  acontrols. 
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expression  at  both  the  mRNA  and  protein  levels  and  induced 
tumor  regression  in  a  mouse  model  of  PCa  bone  metastasis, 
suggesting  that  BKM1740  and  its  derivatives  could  be  novel 
small-molecule  chemicals  that  effectively  treat  PCa  bone 
metastasis,  and  (fo)  the  design  scheme  for  BKM1740  as  a 
"pluripotent"  compound  could  serve  as  a  valuable  principle  in 
rational  drug  development. 

Bisphosphonates  are  nonhydrolyzable  pyrophosphate  ana¬ 
logues,  which  have  been  shown  to  have  inhibitory  effects  on 
metastasis-induced  osteoclastic  bone  resorption  (32,  41).  Intro¬ 
duction  of  an  aminobisphosphonate  moiety  in  BKM1740  was 
expected  to  increase  its  bioavailability  in  bone  metastatic  tumor 
lesions  and  retain  the  inhibitory  effects  on  bone  resorption 
initiated  by  metastatic  PCa.  However,  whether  this  compound 
retains  the  inhibitory  activity  of  the  bisphosphonate  moiety  on 
the  osteolysis  process  is  not  clear.  Future  studies  will  examine 
the  in  vitro  effects  of  BKM1740  on  osteoclast  activity  and 
formation  and  assess  the  in  vivo  effects  on  osteolytic  process 
and  bone  turnover  using  the  model  established  in  the  current 
study.  The  results  will  validate  the  design  strategy  for  BKM1740 
and  provide  valuable  information  for  developing  alternative 
candidates. 

Interestingly,  recent  studies  suggest  that  bisphosphonates 
may  have  direct  anticancer  activity  (42,  43).  For  example, 
zoledronic  acid  was  found  to  be  capable  of  inhibiting  in  vitro 
proliferation  of  LNCaP  and  PC-3  PCa  cells  (44).  Because 
BKM1740  is  conjugated  with  bisphosphonate,  we  do  not 


treatment  (week)  *p< 0.05 


vehicle  BKM1740  normal  BKM1740 
(5mg/kg)  (20  mg/kg) 


Fig.  4.  BKM1740  inhibits  survivin  expression  in  metastatic  PCa  cells.  A,  BKM1740 
specifically  suppresses  survivin  expression  at  both  RNA  and  protein  levels  in 
C4-2  cells.  Left,  C4-2  cells  were  exposed  to  5  |imol/L  BKM1740  for  12  h.  Total  RNA 
was  collected  and  analyzed  by  RT-PCR  for  survivin,  Mcl-1,  and  VEGF,  with 
glyceraldehyde-3-phosphate  dehydrogenase  as  loading  control.  Right,  C4-2  cells 
were  treated  with  5  |imol/L  BKM1740  for  24  h,  and  total  lysates  were  analyzed  for 
the  expression  of  survivin  and  Mcl-1.  Relative  expression  was  expressed  as  fold 
change  compared  with  the  p-actin  controls.  B,  ELISA  of  VEGF  levels  in  conditioned 
medium  of  C4-2  cells  treated  with  BKM1740  or  vehicle  for  48  h.  Relative  VEGF 
levels  were  normalized  by  dividing  VEGF  concentrations  (pg/mL)  by  total  protein 
concentrations  (mg/mL)  in  condition  medium.  C,  BKM1740  specifically  suppresses 
survivin  expression  in  ARCaPM  cells.  ARCaPM  cells  were  treated  with  10  |imol/L 
BKM1740  for  24  h,  and  total  lysates  were  analyzed  for  the  expression  of  survivin, 
Mcl-1,  and  MMP-9.  Relative  expression  was  expressed  as  fold  change  compared 
with  the  p-actin  controls.  D,  C4-2  cells  were  cotransfected  with  pSurvivin-luc1430 
and  pRL-TK  (internal  control)  for  48  h  before  exposure  to  BKM1740  at  the 
indicated  concentrations  for  a  further  24-h  incubation.  Total  lysates  were  analyzed 
for  luciferase  activity  induced  by  the  survivin  promoter  and  normalized  to  the 
Renilla  luciferase  activity. 

animal  models  of  PCa  and  lung  cancer  (13-16,  18,  40).  One  of 
the  peptide-based  antagonists,  CU201,  is  entering  a  phase  I 
clinical  trial  for  lung  cancer.  Mechanistic  study  showed  that 
CU201  induced  cancer  cell  apoptosis  as  a  "biased"  agonist  by 
inhibiting  Gaq  activation  and  downstream  events  and  by 
stimulating  Ga12,i3  and  downstream  cascades  (17).  Intriguing- 
ly,  these  compounds  may  act  as  pluripotent  molecules  that 
could  simultaneously  inhibit  cancer  cell  proliferation  by 
inducing  apoptosis,  and  interrupt  angiogenesis  by  reducing 
VEGF  expression  (18).  To  develop  novel  anticancer  reagents 
that  specifically  target  PCa  bone  metastasis,  we  designed 
BKM1740  as  an  analogue  that  incorporates  the  key  "anticancer" 
structure  (F5c-OC2Y)  of  BKM-570  and  an  aminobisphospho¬ 
nate  group  to  improve  specific  delivery  of  the  compound  into 
bone,  thereby  increasing  its  bioavailability  in  tumor  tissues 
residing  in  bone.  The  mechanism-based  evidence  presented 
here  shows  that  (a)  BKM1740  specifically  inhibited  survivin 


Fig.  5.  BKM1740  induces  regression  of  PCa  skeletal  tumor  in  C4-2  mouse 
xenografts.  A,  i.p.  injection  of  BKM1740  reduced  serum  PSA  in  mice  bearing  C4-2 
skeletal  tumors  compared  with  control  group  after  8  wk  of  treatments  ( P  <  0.05). 
O,  vehicle  control  group;  #,  BKM1740-treated  group.  B,  representative 
chromatograms  of  the  bones  in  each  group  as  detected  by  X-ray,  showing  that 
BKM1740  treatment  improves  bone  X-ray  appearances  in  comparison  with  control 
group.  Left,  tumor-bearing  athymic  nude  mice  treated  with  either  vehicle  or 
BKM1740  at  a  dose  of  5  mg/kg,  every  2  d,  for  8  wk.The  osteolytic  lesion  and 
osteoblastic  lesion  in  the  tumor-bearing  bone  were  indicated  by  arrows  1  and  2, 
respectively.  Right,  normal  athymic  nude  mice  or  only  treated  with  BKM1740  at  a 
dose  of  20  mg/kg,  twice  per  week,  for  4  wk. 
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BKM1740  Inhibits  Skeletal  Growth  of  Human  PCa 


Fig.  6.  BKM1740  treatment  exhibits 
growth-inhibitory  and  proapoptotic  activity 
against  C4-2  tumor  xenografts  in  mice. 

A,  BKM1740  treatment  inhibited  cell  proliferation 
(Ki67),  induced  apoptosis  (M30),  and 
suppressed  survivin  expression  in  vivo  by 
immunohistochemical  analysis.  B,  comparative 
quantification  of  BKM1740  treatment  as 
opposed  to  controls  on  the  expression  of 
markers  of  cell  proliferation,  apoptosis,  and 
survivin  expression  (P  <  0.05). 
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exclude  the  possibility  that  its  inhibitory  effects  on  PCa  cell 
survival  were  partially  due  to  the  bisphosphonate  moiety. 
However,  the  zoledronic  acid  concentration  used  in  the  cited 
study  was  much  higher  (68  pmol/L  zoledronic  acid  in 
apoptosis  analysis;  ref.  44)  than  the  BKM1740  concentration 
used  in  this  report.  Further,  zoledronic  acid  only  exhibited 
significant  efficacy  inhibiting  PCa  tumor  growth  in  mouse 
bone,  not  in  s.c.  models  (44),  indicating  that  zoledronic  acid 
activity  on  PCa  skeletal  growth  is  mainly  attributable  to  indirect 
effects  related  to  decreased  osteolysis.  These  observations  sup¬ 
port  our  notion  that  the  proapoptotic  activity  of  BKM1740 
may  be  primarily  mediated  by  the  effects  of  its  F5c-OC2Y 
moiety  on  survivin  expression. 

Multiple  growth  factors  and  proteases  are  involved  in  PCa 
growth,  survival,  and  invasion  (2,  45,  46).  A  previous  study  by 
Stewart  et  al.  (15)  found  that  CU201  and  BKM-570  signifi¬ 
cantly  inhibited  angiogenesis  by  reducing  VEGF  expression  and 
decreased  tissue  permeability  mediated  by  MMPs  in  a  PC-3 
model.  Because  BKM1740  is  derived  from  BKM-570,  we  exa¬ 
mined  whether  it  has  similar  effects  on  the  expression  of  VEGF 
and  MMPs  in  C4-2  cells.  The  data  indicated  that  BKM1740 
treatment  did  not  affect  VEGF  mRNA  expression  or  protein 
secretion.  Unlike  in  PC-3  cells,  basal  expression  of  MMP-9  was 
undetectable  in  C4-2  cells  and  not  affected  significantly  by 
BKM1740  treatment  in  ARCaPM  cells.  Taken  together,  these 
results  suggested  that  BKM1740-induced  C4-2  tumor  regression 
in  bone  may  be  primarily  mediated  by  specific  inhibition  of 
survivin  and  induction  of  apoptosis. 

Survivin  overexpression  in  human  cancers  has  been  asso¬ 
ciated  with  resistance  to  conventional  chemotherapy  and  irra¬ 
diation  therapy  (6-8).  Furthermore,  treatment  with  certain 
mitotic  inhibitor-based  drugs  such  as  Taxol  may  result  in 


arresting  the  mitotic  process  and  subsequent  accumulation  of 
survivin  in  the  G2-M  phase  of  cell  cycle,  which  eventually  coun¬ 
teracts  Taxol-induced  apoptosis  (47).  Inhibition  of  survivin, 
particularly  by  small-molecule  suppressants,  could  sensitize  the 
resistant  cells  to  apoptosis  induction,  thereby  augmenting 
therapeutic  responses  (10).  Several  strategies  are  being  pursued 
to  down-regulate  survivin  expression  and  increase  the  efficacy  of 
chemotherapy  in  PCa  and  breast  cancer  (7,  11).  With  the  shown 
efficacy  of  BKM1740  in  suppressing  survivin  and  inducing 
apoptosis  in  invasive  PCa  cells,  it  can  be  expected  that  a 
combination  treatment  with  BKM1740  and  chemotherapeutic 
agents  such  Taxotere  may  have  therapeutic  advantages  over  a 
single  regimen  for  the  treatment  of  PCa  bone  metastasis. 

In  conclusion,  our  study  shows  that  BKM1740  is  a  novel 
small  acyl-tyrosine  bisphosphonate  amide  analogue  that 
specifically  suppresses  survivin  expression  and  induces  massive 
apoptosis  in  bone  metastatic  PCa  cells.  In  vivo  experiments 
validated  its  efficacy  in  inducing  regression  of  pre-established 
bone  metastatic  PCa  tumors  without  acute  toxicity.  Extensive 
studies  of  BKM1740  function  and  further  development  of  its 
analogues  could  provide  a  novel  therapeutic  strategy  for 
treating  bone  metastasis  in  PCa  and  other  human  cancers. 
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Abstract  Androgen  refractory  cancer  of  the  prostate 
(ARCaP)  cells  contain  androgen  receptor  (AR)  and  syn¬ 
thesize  and  secrete  prostate  specific  antigen  (PSA).  We 
isolated  epithelia-like  ARCaPE  from  parental  ARCaP  cells 
and  induced  them  to  undergo  epithelial-mesenchymal 
transition  (EMT)  by  exposing  these  cells  to  soluble  factors 
including  TGF/il  plus  EGF,  IGF-1,  /12-microglobulin 
(/?2-m),  or  a  bone  microenvironment.  The  molecular  and 
behavioral  characteristics  of  the  resultant  ARCaPM  were 
characterized  extensively  in  comparison  to  the  parental 
ARCaPE  cells.  In  addition  to  expressing  mesenchymal 
biomarkers,  ARCaPM  gained  100%  incidence  of  bone 
metastasis.  ARCaPM  cells  express  receptor  activator  of  NF- 
r'B  ligand  (RANKL),  which  was  shown  to  increase  tartrate- 
resistant  acid  phosphatase  (TRAP)-positive  osteoclasts  in 
culture,  and  when  metastatic  to  bone  in  vivo.  We  provide 
evidence  that  RANKL  expression  was  promoted  by 
increased  cell  signaling  mediated  by  the  activation  of 
Stat3-Snail-LIV-l.  RANKL  expressed  by  ARCaPM  cells  is 
functional  both  in  vitro  and  in  vivo.  The  lesson  we  learned 
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from  the  ARCaP  model  of  EMT  is  that  activation  of  a 
specific  cell  signaling  pathway  by  soluble  factors  can  lead 
to  increased  bone  turnover,  mediated  by  enhanced  RANKL 
expression  by  tumor  cells,  which  is  implicated  in  the  high 
incidence  of  prostate  cancer  bone  colonization.  The  AR¬ 
CaP  EMT  model  is  highly  attractive  for  developing  new 
therapeutic  agents  to  treat  prostate  cancer  bone  metastasis. 

Keywords  EMT  •  Cell  signaling  •  RANKL  ■ 
Osteoclastogenesis  ■  LIV-1  ■  Bone  metastasis  •  Prostate  • 
Breast  •  Lung  •  Kidney  •  TGF/il  •  EGF 


Abbreviations 

AR 

Androgen  receptor 

ARCaP 

Androgen-refractory  human  prostate  cancer 
cell  model  from  a  patient  with  prostate 
cancer  bone  metastasis 

ARCaPE 

ARCaP  clone  with  epithelial  phenotype 

ARCaP  \  [ 

ARCaP  clone  with  mesenchymal  phenotype 

/?2-m 

/12-Microglobulin 

BSP 

Bone  sialoprotein 

C4-2 

Lineage  derivative  cells  from  LNCaP 

C4-2B 

C4-2  cells  metastasized  to  bone 

CK18/19 

Cytokeratin  18/19 

CM 

Conditioned  medium 

CREB 

cAMP-responsive  element-binding  protein 

E-cad 

E-cadherin 

EGF 

Epidermal  growth  factor 

EMT 

Epithelial-mesenchymal  transition 

FBS 

Fetal  bovine  serum 

IC 

Intracardiac 

IGF-1 

Insulin-like  growth  factor  1 

IHC 

Immunohistochemistry 

IL13Ra2 

Interleukin  13  receptor  a2 
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LNCaP 

Prostate  cancer  cells  metastasized  to  lymph  node 

MET 

Mesenchymal-epithelial  transition 

MErT 

Mesenchymal-epithelial-reverting  transition 

MMT 

Mesenchymal-mesenchymal  transition 

N-cad 

N-cadherin 

NFjcB 

Nuclear  factor  kappa  B 

OC 

Osteocalcin 

OPG 

Osteoprotegerin 

OPN 

Osteopontin 

RANKL 

Receptor  activator  of  NFkB  ligand 

RT-PCR 

Reverse  transcriptase-polymerase  chain  reaction 

SCID 

Severe  combined  immunodeficiency 

siRNA 

Small  interfering  RNA 

Stat 

Signal  transducer  and  activator  of  transcription 

TGF/11 

Transforming  growth  factor  /II 

TRAP 

Tartrate-resistant  acid  phosphatase 

VM 

Vimentin 

Introduction 

Two  thirds  of  the  cancer-related  deaths  in  the  US  involve 
bone  metastasis  [1,  2].  ARCaP  cells,  isolated  from  the 
ascites  fluid  of  a  patient  with  bone  metastasis,  express  a 
host  of  human  prostate  cancer  biomarkers,  have  high  pro¬ 
pensity  for  rapid  and  predictable  bone  and  soft  tissue 
growth/metastases  through  orthotopic,  intracardic  and 
intraosseous  injections  [3-5],  and  undergo  EMT  on  expo¬ 
sure  to  soluble  factors  or  host  bone  microenvironment 
[4,  6],  The  ARCaP  EMT  confers  increased  cell  migratory, 
invasive  and  metastatic  potential  to  soft  tissue  and  bone 
[4,  6].  Here  we  used  this  unique  model  of  prostate  carci¬ 
noma  progression  to  study  soluble  growth  factor-induced 
EMT  and  intracellular  signaling  pathways  that  lead  to 
RANKL  expression,  which  activates  osteoclastogenesis. 
We  suggest  that  soluble  factor-induced  RANKL  expression 
in  the  ARCaP  EMT  model  accounts  for  subsequent  prostate 
cancer  cell  bone  colonization.  We  showed  the  plasticity  of 
cancer  cells,  which  upon  induction  by  these  soluble  factors, 
switch  to  express  markers  commonly  found  in  osteoblasts 
(termed  “osteomimicry”),  such  as  non-collagenous  bone 
matrix  proteins,  osteocalcin  (OC),  osteopontin  (OPN)  and 
bone  sialoprotein  (BSP),  and  RANKL,  collectively  allow¬ 
ing  cancer  cells  to  survive  and  thrive  in  the  bone 
microenvironment  [7-9]. 

Previous  studies  of  other  solid  tumors  support  the 
association  of  increased  EMT  with  the  ability  of  cancer 
cells  to  migrate,  invade  and  metastasize  [10-13].  Several 
studies  have  characterized  EMT  during  embryonic  devel¬ 
opment  and  related  it  to  cancer  metastasis.  These  studies 
pave  the  way  for  novel  gene  discovery  and  biomarker 


validation  for  cancer  progression.  In  this  communication, 
we  have  determined  the  roles  of  LIV-1,  a  zinc  transporter, 
in  the  control  of  EMT,  RANKL  and  Stat3-Snail-LIV-l 
signaling  during  prostate  cancer  progression.  Below  we 
discuss  the  plasticity  of  prostate  cancer  cells,  which  are 
capable  of  undergoing  EMT.  In  addition,  it  has  been  shown 
by  others  that  prostate  cancer  cells  can  also  revert  via 
mesenchymal-epithelial  transition  (MET)  [14-16],  mes¬ 
enchymal-epithelial-reverting  transition  (MErT)  [16]  and 
mesenchymal-mesenchymal  transition  (MMT)  [17]  to 
control  their  malignant  and  invasive  potentials. 

Materials  and  methods 

Cell  culture,  reagents  and  animal  studies 

ARCaPE  and  ARCaPM  cells  were  maintained  in  T  medium 
(Invitrogen,  Carlsbad,  CA)  and  5%  fetal  bovine  serum 
(FBS)  at  37°C  supplemented  with  5%  CO2  in  a  humidified 
incubator.  ARCaP  cells  were  established  from  the  ascites 
fluid  of  a  patient  with  prostate  cancer  bone  metastasis  [5]. 
ARCaPE  and  ARCaPM  are  sublines  of  ARCaP  that  were 
generated  in  our  laboratory  by  single  cell  dilution  cloning 
[4].  To  study  the  effect  of  growth  factor  treatment,  ARCaP 
cells  were  treated  with  4  ng/ml  TGF  fl\  and  50  ng/ml  EGF 
either  alone  or  in  combination.  Data  represent  triplicate 
samples  from  two  independent  experiments.  Recombinant- 
human  TGF-/)  I ,  -mouse  RANKL,  -mouse  M-CSF-1  and 
-human  osteoprotegerin  (OPG)  were  from  R&D  Systems, 
Inc.  (Minneapolis,  MN).  FBS,  recombinant  human  EGF, 
G418,  anti-flag  M2  monoclonal  antibody  and  mouse 
monoclonal  anti-human  actin  antibody  were  from  Sigma- 
Aldrich,  Inc.  (St.  Louis,  MO).  IGF-1  treatment  was 
reported  in  a  separate  manuscript  [18]. 

Animal  studies  were  conducted  by  previously  published 
procedures  [19,  20]. 

Gene  and  protein  expression 

Gene  expression  was  analyzed  by  RT-PCR  (see  [4]).  In  brief, 
cells  were  plated  on  6-well  dishes  at  3  x  105  cells  per  well 
and  grown  to  70%  confluence,  gently  washed  with  PBS  and 
used  for  RNA  isolation.  Total  RNA  was  isolated  from  cells 
using  the  RNeasy  Mini  kit  (Qiagen,  Valencia,  CA)  and 
subjected  to  reverse  transcription  using  the  Superscript  first- 
strand  cDNA  Synthesis  kit  (Invitrogen,  Carlsbad,  CA).  The 
primers  used  for  PCR  analysis  were:  E-cadherin-F- 
5'-TCCATTTCTTGGTCTACGCC-3'  R-5'-CACCTTCAG 
CCAACCTGTTT-3';  N-cadherin-F-5'-GTGCCATTAGC 
CAAGGAATTCAGC-3'  R-5'-GCGTTCCTGTTCCACTC 
ATAGGAGG-3';  Vimentin-F5'-TGGCACGTCTTGACC 
TTGAA-3'  R-5'-GGTCATCGTGATGCTGAGAA-3';  LIV- 
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l-F-5'-GCAATGGCGAGGAAGTTATCT-3'R-5'-CTATTG 
TCTCTAGAAAGTGAG-3' ;  Snail-F-5'-CGAAAGGCCTTC 
AACTGCAAAT-3';  R-5'-ACTGGTACTTCTTGACATC 
TG-3';  RANKL-F-5'-CAGCACATCAGAGCAGAGAA 
AG-3'  R-5'-TGTTGGCATACAGGTAATAAAAGC-3'  and 
Stat3-F  5'-AACTCTTGGGACCTGGTGTG-3'  R-5'-TAG 
GCGCCTC AGTCGTATCT -3' .  The  thermal  profiles  for 
E-cadherin,  N-cadherin,  vimentin,  and  Stat3  were  32  cycles 
with  denaturation  at  95°C  for  30  s,  annealing  at  55°C  for  30  s 
and  extension  at  72°C  for  1  min.  L1V-1,  Snail  and  RANKL 
cDNA  amplification  were  30,  33  and  35  cycles  starting  with 
denaturation  for  30  s  at  94°C,  followed  by  1  min  of  annealing 
at  43°C  (for  LIV- 1 ),  55°C  (for  Snail)  and  55°C  (for  RANKL) 
and  1  min  of  extension  at  72°C.  RT-PCR  products  were 
analyzed  by  agarose  gel  electrophoresis. 

Protein  expression  was  determined  by  immunohisto- 
chemical  (1HC)  and  western  blot  analyses.  For  1HC, 
antibodies  and  their  sources  are:  monoclonal  antibodies 
against  cytokeratin  18/19  (CK18/19),  vimentin  (VM)  (Dako 
Corp.,  Ltd.,  Carpinteria,  CA);  polyclonal  antibodies  to 
E-cadherin  and  N-cadherin  (Santa  Cruz  Biotechnology,  Inc., 
Santa  Cruz,  CA);  RANKL  (CHEMICON  International,  Inc., 
Temecula,  CA).  Cells  and  deparaffinized,  rehydrated  tissues 
after  pressure-cooking  antigen  retrieval  at  125°C  and 
20  p.s.i.  for  30  s  were  subjected  to  10-min  double  endoge¬ 
nous  enzyme  block,  30-min  primary  antibody  reaction  and 
30-min  DakoCytomation  EnVision  +  HRP  reagent  incu¬ 
bation.  Signals  were  detected  by  adding  substrate  hydrogen 
peroxide  using  diaminobenzidine  as  a  chromogen,  counter- 
stained  by  hematoxylin.  All  detection  reagents  were 
obtained  from  Dako  Corporation  (Carpinteria,  CA).  Mat¬ 
ched  IgG,  or  diluted  rabbit  serum  was  used  as  a  negative 
control.  Antibodies  for  western  blot  are:  Snail  (SN9H2,  Rat 
mAb  from  Cell  Signaling  Technology,  Inc.  Beverly,  MA), 
RANKL  (sc-9073,  Santa  Cruz  Biotechnology,  Inc.),  Stat3 
and  phosphor-Stat3  (Ser  727;  Cell  Signaling  Technology), 
and  LIV-1  (see  below).  Total  cell  lysates  were  prepared 
using  a  lysis  buffer  [50  mM  Tris  (pH  8),  150  mM  NaCl, 
0.02%  NaN3,  0.1%  SDS,  1%  NP40  and  0.5%  sodium 
deoxycholate]  containing  1  mM  phenylmethylsulfonyl 
fluoride  and  protease  inhibitor  cocktail  (Roche  Applied 
Science,  Indianapolis,  IN).  Protein  concentration  was 
determined  by  Bradford  assay  using  Coomassie  Plus  Protein 
Reagent  (Pierce,  Rockford,  IL).  Western  blot  was  performed 
using  the  Novex  system  (Invitrogen)  as  described  previously 
[9,  21]  Protein  bands  were  detected  by  Enhanced  Chemilu¬ 
minescence  Western  Blotting  Detection  Reagents 
(Amersham-Pharmacia  Biotech,  Piscataway,  NJ). 

Snail  transfection  and  induction  of  RANKL  expression 

A  constitutively  active  Snail,  the  Flag-tagged  Snail-6SA 
[22]  kindly  provide  by  Dr.  M.  C.  Hung  (MD  Anderson 


Cancer  Center,  Houston,  TX)  was  used  to  transfect 
ARCaPE  cells.  An  aliquot  of  4  pg  plasmid  DNA  was  used 
in  6-well  plate  with  GenePORTER  (Genlantis,  San  Diego, 
CA)  following  manufacturer  recommended  protocol. 
A  total  of  24  single  transfected  clones  were  selected 
subsequent  to  further  selection  with  G418  (400  pg/ml)  and 
limited  dilution. 

Over-expression  of  the  Flag-Snail-6SA  was  confirmed 
by  western  blot  with  antibody  (sc-807,  Santa  Cruz  Bio¬ 
technology)  against  the  Flag  epitope.  ARCaPE  cells 
transfected  with  empty  vector  served  as  controls.  EMT  of 
the  transfected  clones  was  confirmed  both  morphologically 
and  biochemically  and  these  results  will  be  reported 
elsewhere. 

In  vitro  osteoclastogenesis  assay 

Osteoclastogenesis  assay  was  performed  as  described  pre¬ 
viously  with  minor  modifications  [23].  Briefly,  1  x  103 
cancer  cells  were  seeded  with  2  x  105  haematopoietic  pre¬ 
osteoclasts  harvested  from  adult  mouse  spleen  by  disag¬ 
gregating  through  a  wire  sieve.  The  co-cultures  were 
performed  in  a  48-well  plate  containing  500  pi  of  a-MEM 
media  supplemented  with  10%  FBS,  and  1  ng/ml  recom¬ 
binant  mouse  M-CSF  (R&D  Systems,  Inc.,  Minneapolis, 
MN).  As  a  positive  control,  100  ng/ml  recombinant  mouse 
RANKL  (R&D  Systems)  was  added  to  2  x  10s  pre- 
osteoclastic  cells.  A  total  of  50  ng/ml  recombinant  human 
osteoprotegerin  (OPG,  R&D  Systems)  was  added  to  certain 
wells  to  block  RANKL-mediated  osteoclastogenesis.  The 
cells  were  fed  twice  weekly  by  replacing  half  of  the  cul¬ 
tured  media  with  fresh  media  containing  M-CSF  (and 
RANKL,  for  the  positive  control).  After  14  days,  the  cells 
were  analyzed  by  TRAP  staining  (Sigma-Aldrich,  Inc.,  St. 
Louis,  MO),  and  the  TRAP+  multinucleated  cells  in  the 
entire  well  were  counted  as  mature  osteoclasts. 

Cell  signaling  studies  and  LIV-1  transfection 

Human  LIV  - 1  plasmid  DNA  (2  pg  cloned  from  human  breast 
cancer  cells,  characterized  and  sequenced  by  Dr.  Binhua  P. 
Zhou),  cloned  into  pcDNA  3.1/V5-His  vector  (Invitrogen), 
was  transfected  into  ARCaPE  cells  using  Lipofectamine  2000 
Reagent  (Invitrogen).  The  effects  of  LIV-1  on  EMT  gene 
expression  were  assayed  3  days  after  transfection.  ARCaPE 
cells  transfected  with  empty  vector  served  as  controls.  LIV-1 
expression  in  ARCaPM  cells  was  silenced  transiently  by  LIV-1 
siRNA  duplex  (0.7  pg  of  5'-3'-AUAAAGGACAGCCUGC 
UUAACGGUC  and  5'-3'-GACCGUUAAGCAGGCUGUC 
CUUUAU  interference  RNA)  using  Lipofectamine  2000 
Reagent  (Invitrogen).  EMT  marker  expression  in  ARCaPM 
cells  with  LIV-1  knockdown  was  assessed  3  days 
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post-transfection.  LIV-1  mRNA  expression  was  assayed  by 
RT-PCR  and  western  blot  as  described  above. 

LIV-1  polyclonal  antibody  was  produced  in  rabbits 
immunized  with  KLH-conjugated  peptide,  CPDHDSDSS 
GKDPRNS.  A  total  of  five  injections  were  performed,  with 
each  injection  consisting  of  300-500  pg  peptide  mixed 
with  complete  or  incomplete  adjuvant.  After  the  fourth 
injection,  blood  was  collected  and  centrifuged.  For  western 
blotting,  primary  antibody  was  used  at  1:2,000  dilution  and 
anti-rabbit  secondary  antibody  was  used  at  1:5,000  dilu¬ 
tion.  Protein  bands  were  detected  by  western  blot  as 
described  above. 


Results  and  discussion 

A  novel  human  prostate  cancer  ARCaP  EMT  model 
for  the  study  of  prostate  cancer  progression 
and  metastasis:  effects  of  soluble  growth  factors 

Unlike  other  animal  models  bearing  human  prostate  cancer 
cells,  the  ARCaP  model  represents  a  continuum  of  prostate 
cancer  progression  closely  mimicking  the  pathophysiology 
of  advanced  and  lethal  clinical  human  prostate  cancer  bone 
metastasis.  Epithelium-like  ARCaPE  cells  had  a  relatively 
low  propensity  for  bone  metastasis  (1/8)  after  intracardiac 
(IC)  injection  but  gained  100%  metastasis  to  bone  and  33% 
metastasis  to  adrenal  gland  upon  recovering  from  mouse 
bone  [4].  While  the  derivative  ARCaP  cells  from  mouse 
bone  still  expressed  distinct  epithelial  cell  markers,  they 
also  switched  their  morphology  and  gene  expression  profile 
to  mesenchymal  cells  and  thus  were  designated  as 
ARCaPM  Figure  1  depicted  that  ARCaPM  cells  had 
decreased  expression  of  E-cadherin  (E-cad)  and  cytokera- 
tins  18  and  19  but  increased  expression  of  N-cadherin 
(N-cad)  and  two  novel  EMT  associated  genes;  RANKL,  a 
novel  mesenchymal  marker  in  ARCaPM  cells,  and  IL-13 
receptor  a2  (IL-13R  a2),  a  decoy  IL-13  receptor  capable  of 
blocking  IL-13Ral  signaling  and  enhancing  tumor  growth 
[24,  25].  In  addition  to  the  observed  induction  of  EMT  by 
the  bone  microenvironment,  we  also  derived  mesenchymal- 
like  ARCaPM  cells  in  vitro  from  parental  ARCaPE  cells, 
based  on  cell  morphology,  gene  expression  (see  below)  and 
behavioral  characteristics.  We  noted  that  the  transition  of 
ARCaPE  cells  to  ARCaPM  cells  can  be  promoted  by  a  host 
of  growth  factors,  such  as  TGF/j  I  plus  EGF  (see  below), 
IGF-1  [18]  or  /12-microglobulin  (/?2-m,  [8]).  Figure  2  shows 
an  example  in  which  TGI  '/)' 1  plus  EGF  induced  the  transi¬ 
tion  of  ARCaPE  to  ARCaPM  cells.  We  observed  that  this 
transition  was  transient  upon  growth  factor  induction  since 
this  induction  was  reversible  based  on  the  expression  of 
EMT  markers,  such  as  downregulation  of  E-cad,  and 
upregulation  of  vimentin  and  RANKL  upon  growth  factor 


removal.  These  results,  when  compared  with  permanent 
induction  of  EMT  by  the  inoculation  of  ARCaPE  cells  in 
mouse  tibia  [4]  suggest  that  other  factors  in  bone  and/or 
prolonged  exposure  to  bone  milieu  play  a  critical  role.  These 
results  raised  the  possibility  that  ARCaPE  cells  could  “rea¬ 
waken”  from  their  dormancy  to  undergo  permanent 
transition  and  become  more  aggressive  ARCaPM  cells. 

RANKL,  a  novel  EMT  marker  in  ARCaP  model, 
increased  upon  induction  by  soluble  growth  factors 
and  functionally  induced  increased  bone  resorption 

The  induction  of  RANKL  on  the  cell  surface  of  prostate 
cancer  cells  is  of  particular  interest  to  us  since  we  observed 
a  threefold  increase  of  tartrate-resistant  acid  phosphatase 
(TRAP)-positive  staining  osteoclasts  in  mouse  bone  upon 
the  introduction  of  ARCaPM  compared  to  ARCaPE  cells 
(33  ±  9  vs.  9  ±  1  TRAP-positive  multinucleated  osteo¬ 
clasts/well  in  ARCaPM  and  ARCaPE  co-cultured  with 
hematopoetic  pre-osteoclasts).  Further,  we  found  that 
RANKL  expressed  by  ARCaPM  or  RANKL  expression 
induced  by  Snail  transfection  into  ARCaPE  cells  is  func¬ 
tional  in  vitro,  with  increased  activation  of  osteoclasts 
noted  when  incubated  with  mouse  macrophages  and  this 
induction  can  be  blocked  by  osteoprotegerin  (OPG),  a 
RANK  decoy  receptor  (Fig.  3).  Snail,  a  known  TGF-/1 
target  gene,  suppresses  E-cadherin  expression  through  the 
activation  of  a  series  of  nuclear  transcription  factors.  These 
results,  in  aggregate,  suggest  that  the  RANKL  expression 
induced  in  ARCaPM  cells  is  functional  and  promotes 
osteoclastogenesis,  bone  turnover  and  release  of  growth 
factors  deposited  in  bone,  conditions  which  favor  prostate 
cancer  cell  survival  and  bone  colonization  [26,  27].  Our 
results  from  the  ARCaPE  transition  to  ARCaPM,  suggest 
that  increased  bone  turnover  in  prostate  cancer  patients 
could  result  from  both  osteoblast-derived  as  well  as  pros¬ 
tate  cancer  cell-derived  RANKL.  Targeting  RANKL- 
RANK  interaction  seems  to  be  a  rational  approach  to 
reduce  bone  turnover  and  subsequent  prostate  cancer 
growth  and  colonization  in  bone.  It  should  be  emphasized 
that  the  RANKL-RANK  interaction  can  be  both  paracrine 
(such  as  prostate  cancer-osteoclast,  osteoblast-osteoclast, 
or  intercellular  communication  among  prostate  cancer 
cells)  and  autocrine  in  nature  (soluble  RANKL-RANK 
interaction  within  a  cancer  cell  or  RANKL-RANK  inter¬ 
action  between  cancer  cells).  This  interaction  could  be 
affected  by  the  levels  of  OPG,  a  decoy  RANK  receptor 
[28],  Numerous  previous  studies  demonstrated  that  a  par¬ 
acrine  interaction  with  RANKL  derived  from  osteoblasts, 
in  response  to  tumor-derived  soluble  factors  such  as  PTHrP 
[26,  29,  30],  contributes  to  increased  bone  turnover  through 
interaction  with  RANK,  a  cell  surface  receptor  of  osteo¬ 
clasts.  However,  our  results  show  that  functional  RANKL 
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Fig.  1  ARCaP  EMT  model  in 
which  selected  growth  factors  or 
bone  microenvironment  drives 
ARCaPE  cells  to  undergo 
mesenchymal-like  transition  to 
ARCaPM.  Upon  this 
morphologic  transition  (a), 
ARCaPM  cells  expressed  both 
classic  EMT  markers  (decreased 
expression  of  E-cadherin  and 
cytokeratins  18/19  and 
increased  expression  of 
vimentin  and  N-cadherin)  and 
novel  markers  (increased 
expression  of  RANKL  and 
IL13Ro:2)  as  analyzed  by  RT- 
PCR  (b),  western  blot  (c)  and 
IHC  (d) 
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B  RT-PCR 


C  Western  blot 
ARCaP 
E  M 


D  IHC 

ARCaPE  ARCaPM 


IL13Ra2 


ARCaPE 

Untreated  TGFpi  (4  ng/ml)  EGF  (50  ng/ml)  TGFpi+EGF 

A 


ARCaPM 


Fig.  2  TGF/?1  and  EGF  promote  ARCaP  prostate  cancer  EMT  as 
evidenced  by  morphology  and  gene  expression  analyses,  (a)  ARCaPE 
cells  have  a  typical  cobblestone-like  epithelial  morphology,  which 
could  be  altered  to  mesenchymal-like  morphology  by  simultaneous 
treatment  of  TGF/fl  and  EGF  for  3-37  days,  (b)  The  treatment 

can  also  be  derived  directly  from  prostate  cancer  cells 
along  with  their  osteomimetic  properties,  and  thus  con¬ 
tribute  to  increased  bone  turnover  and  cancer  cell  growth, 
survival  and  migration  in  bone  [8].  There  remain  some 
discrepancies  regarding  to  the  expression  of  RANKL  by 
prostate  cancer  cells,  since  previous  reports  by  others  have 
shown  that  bone  metastatic  cancer  cell  lines  lack  RANKL 


CL  TGFpi+EGF 


a;  Recovery 

<  3  days  11  days  37  days  for  9  days 


inhibited  the  epithelial  E-cad  marker,  but  increased  the  mesenchymal 
vimentin  and  RANKL  markers,  (c)  Effect  of  TGF/11  and  EGF 
treatment  was  transient,  as  termination  of  the  treatment  led  to  re¬ 
expression  of  the  E-cad  with  decreased  vimentin  expression,  9  days 
after  removal  of  the  growth  factors 

expression  [31-33],  consistent  with  the  view  that  in  oste¬ 
olytic  bone  metastasis  RANKL  is  osteoblast-derived  and  is 
induced  by  cancer  cell-derived  PTHrP  [30,  32].  However, 
we  have  recently  conducted  multiplexed  quantum  dot 
analysis  of  RANKL  expression  in  clinical  human  prostate 
cancer  bone  metastatic  specimens.  In  this  study,  we  con¬ 
firmed,  at  the  single  cell  level,  that  RANKL  was  expressed 
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Fig.  3  Increased  osteoclastogenesis  in  vitro  after  co-culturing  mouse 
haematopoietic  pre-osteoclasts  with  ARCaPM  or  ARCaPE-Snail 
transfectants.  (a)  Top  panels:  RANKL  induced  osteoclastogenesis  in 
haematopoietic  pre-osteoclastic  precursor  cells  was  blocked  by  OPG. 
Bottom  panels:  ARCaPM  cells  that  overexpress  RANKL  when  co¬ 
cultured  with  mouse  haematopoietic  pre-osteoclasts  induced  more 
TRAP  positive  staining  cells,  an  indication  of  inducing  osteoclast 
maturation,  as  seen  under  light  microscopy,  compared  to  ARCaPE 
co-culture.  This  increased  osteoclastogenesis  was  effectively 

by  human  prostate  cancer  epithelial  cells  (Ep-CAM+ 
cells),  human  prostate  epithelial  cells  that  had  undergone 
mesenchymal  transition  (Ep-CAM+  and  vimentin+  cells) 
and  cancer  cells  expressed  only  mesenchymal  marker 
(Ep-CAM—  but  vimentin+  cells),  (unpublished  results 
presented  and  discussed  in  “The  2008  Frontiers  of  Cancer 
Nanotechnology  Symposium”).  In  our  study,  we  found  the 
fixation  protocol  used  in  the  preservation  of  prostate  cancer 
specimens  is  critical  for  determining  the  quality  and  quantity 
of  the  RANKL  expression.  Our  results  are  in  agreement  with 
Mori  et  al.  [26],  who  showed  that  RANKL-RANK  auto¬ 
crine  signaling  in  human  prostate  cancer  PC-3  and  DU- 145 
cells  could  drive  the  migration  and  survival  of  these  cancer 
cells  and  confer  their  ability  to  invade  and  metastasize,  the 
well-known  characteristic  features  of  EMT.  Because  of  the 
potential  downstream  cell  signaling  convergence  between 
RANKL-RANK  interaction  and  EMT,  we  suggest  a  dual 


S  2  g 


g  ARCaPE/Snail 
clone  12 

antagonized  by  osteoprotegerin  (OPG),  suggesting  that  the  RANKL 
overexpressed  by  ARCaPM  cells  is  functional  (200x).  Inset,  multi- 
nucleated  osteoclast  at  400  x.  (b)  Multinucleated  TRAP  positive  cells 
from  ARCaPE,  ARCaPM,  or  ARCaPE-Snail  12  clone  co-culture  were 
counted  and  quantified.  Overexpression  of  Snail  induced  marked 
TRAP  positive  cells  indicative  of  functional  RANKL  which  was 
blocked  by  OPG.  Data  represent  triplicates  obtained  from  2  indepen¬ 
dent  experiments 

targeting  strategy  where  both  the  paracrine/autocrine 
RANKL-RANK  interaction  and  EMT  could  be  interrupted 
to  reduce  the  overall  bone  colonization  and  EMT  associated 
with  prostate  cancer  cell  growth,  survival  and  migration. 
The  section  below  describes  our  results  of  the  involvement 
of  a  developmental  gene,  LIV-1,  in  EMT  during  human 
prostate  cancer  progression  and  bone  metastasis. 

Involvement  of  Stat3,  Snail  and  LIV-1  signaling 
in  EMT  and  RANKL  expression  by  ARCaP  cells 

To  understand  how  EMT  and  RANKL  may  be  regulated  by 
soluble  factors  in  cancer  cells,  we  sought  to  examine  the 
effects  of  [1 2-m,  a  soluble  factor  that  has  been  shown  to 
contribute  to  osteomimicry  by  prostate  cancer  cells  [9,  21], 
in  a  number  of  human  cancer  models  including  human 
breast  (MCF-7),  lung  (H358)  and  renal  (SN12C)  cells. 
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Fig.  4  Stable  /?2-m  expression  in  human  breast  (MCF7,  a),  lung 
(H358.  b)  and  renal  (SN12C,  c)  cancer  cells  increased  the  expression 
of  RANKL  protein  and  the  signaling  mediated  by  Stat3  (increased 
both  basal  level  and  pStat3),  Snail  and  LIV1  (a  gene  drives  EMT  in 
Zebrafish).  ft 2-m-l  and  /?2-m-2  represent,  respectively,  the  interme¬ 
diate  and  high  /(2-m  stably  expressing  clones.  Note  that  the  levels  of 


activation  of  cell  signaling  correlated  with  levels  of  P 2-m  expression. 
P:  parental  cells.  Neo:  neo-transfected  cells.  A  represents  western 
blots  of  RANKL  and  /(-actin,  B  represents  the  RT-PCR  data  of  stat3, 
LIV-1  and  Snail  with  GAPDH  as  a  control  gene,  and  C  represents  the 
western  blots  of  p-stat3,  stat3  with  /J- actin  as  the  loading  control 


ARCaPM  ARCaPE  ARCaPE 


ARCaPE/FLAG-SNAIL  clones 


Fig.  5  Combination  treatment  of  ARCaPE.cells  with  TGF/11  and  EGF 
induced  the  protein  expression  of  Snail  and  RANKL  (left  panels).  Cells 
were  treated  with  EGF  (50  ng/ml)  plus  TGF/fl  (4  ng/ml)  for  3  days 
(E  +  T).  Note  that  ARCaPM  cells  expressed  higher  levels  of  endog¬ 
enous  Snail  and  RANKL  than  ARCaPE  (lanes  denoted  with  C).  Right 

Figure  4  shows  that  upon  the  selection  of  stably  //2-m- 
transfected  cancer  cells  (with  either  intermediate  or  high 
expression),  these  cell  clones  consistently  had  activated 
Stat3,  Snail,  LIV-1  and  RANKL  with  all  of  the  transfected 
cells  expressing  markers  indicative  of  EMT  and  a  mor¬ 
phologic  transition  to  fibroblastic  (data  not  shown).  We 
further  conducted  studies  to  show  a  direct  link  between 
Snail  and  RANKL  by  overexpressing  a  Flag-tagged  Snail 
and  observed  increased  expression  of  RANKL  only  in 
Snail  stably-transfected  cells,  but  not  in  neo  control  clones 
(Fig.  5).  These  data  further  supported  a  direct  link  between 
Snail  and  RANKL  expression. 


panels:  over-expression  of  Snail  induced  RANKL  expression  in  the 
ARCaPE  cells.  An  expression  vector  containing  a  constitutively  active 
Snail  (Flag-Snail-6SA)  was  used.  EV1-3:  vector  controls;  clones  1-8: 
stable  Snail  transfected  clones 

To  test  if  there  is  a  link  between  LIV-1  and  EMT  in  the 
ARCaP  model,  we  overexpressed  LIV-1  transiently  in 
ARCaPE  cells,  which  contain  low  levels  of  LIV-1,  and 
found  that  ARCaPE  cells  underwent  EMT  by  the  expres¬ 
sion  of  mesenchymal  markers,  increased  Snail,  vimentin, 
and  RANKL  but  decreased  E-cad  expression  (Fig.  6).  This 
observation  linking  LIV-1  and  EMT  is  further  supported  by 
a  follow  up  experiment  whereby  the  knockdown  of  LIV-1, 
which  is  expressed  abundantly  in  ARCaPM  cells,  with  LIV- 
1  siRNA  resulted  in  the  expression  of  epithelial  markers 
(increased  expression  of  E-cad,  and  decreased  expression 
of  N-cad,  vimentin  and  RANKL,  Fig.  6).  These  studies  led 
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Fig.  6  LIV-1  plays  an  important  role  in  ARCaP  EMT.  (a)  LIV-1 
antibody  recognized  a  single  band  at  85  kDa  and  was  expressed  at 
higher  levels  in  ARCaPM  than  in  ARCaPE  cells  and  is  sensitive  to 
siRNA  targeting  LIV-1  at  both  RNA  and  protein  levels.  Since  this 
was  a  transient  knockdown  study,  we  observed  only  a  slight  change  of 
LIV-1  protein  level  possibly  due  to  the  longer  tl/2  of  this  protein  in 
comparison  to  LIV-1  mRNA.  (b)  LIV-1  transfected  ARCaPE  cell 


clones  expressed  increased  Snail  and  decreased  E-cad,  an  indication 
of  mesenchymal-like  transition,  (c)  LIV-1  siRNA  treated  ARCaPM 
cells  expressed  decreased  levels  of  LIV-1,  Snail,  N-cad,  vimentin  and 
RANKL,  but  increased  E-cad,  indicative  of  epithelial  differentiation 
in  comparison  to  untreated  or  scrambled  LIV-1  siRNA-treated 
ARCaPM  cells 


to  the  conclusion  that  LIV-1,  a  zinc  transporter  protein 
known  to  promote  EMT  in  Zebrafish  gastrula  organizer 
[34]  and  associated  with  human  breast  cancer  [13],  plays  a 
central  role  in  ARCaPE  transition  to  ARCaPM  and  is  pos¬ 
sibly  correlated  with  the  progression  of  human  prostate 
cancer.  We  have  confirmed  this  concept  in  localized  and 
bone  metastatic  human  prostate  cancer  tissue  arrays  where 
LIV-1  protein  expression  level  had  statistically  significant 
association  with  prostate  cancer  progression  from  normal, 
benign,  PIN,  primary  cancer  to  bone  metastasis  [35]. 

EMT,  MET,  MErT  and  MMT:  dynamics  of  the  ARCaP 
model 

EMT  is  a  dynamic  process  which  may  occur  at  primary  as 
well  as  metastatic  sites  where  reversion  of  EMT  toward  an 
epithelial  phenotype  via  MET  takes  place  [16,  36,  37].  The 
plasticity  of  ARCaP  cells  was  supported  by  the  experi¬ 
mental  observation  that  parental  epithelial-like  ARCaPE 
cells,  exposed  to  bone  or  cultured  in  vitro  in  the  presence 
of  TGP/' I  plus  EGF,  underwent  mesenchymal  transition. 
Because  the  importance  of  the  bone  microenvironment, 
which  is  rich  in  growth  factors  that  can  drive  ARCaP  EMT, 
we  suggest  that  although  the  homing  of  prostate  cancer 
cells  to  bone  is  important,  it  is  even  more  critical  that 
soluble  factors  released  during  bone  turnover  play  a  key 
role  in  the  promotion  of  EMT  and  subsequent  prostate 
cancer  cell  growth,  survival  and  bone  colonization.  This 
idea  is  also  supported  by  clinical  observations,  where 
patients  with  serum  prostate-specific  antigen 
(PSA)  <0.1  ng/ml  were  found  to  harbor  prostate  cancer 
cells  in  bone  marrow.  Since  only  a  fraction  of  these 
patients  will  develop  bone  metastasis  in  their  lifetime,  this 


supports  the  idea  that  while  the  presence  of  prostate  cancer 
cells  in  bone  is  common,  they  are  mostly  “dormant”  and 
only  if  they  are  responsive  to  soluble  factors  eliciting  the 
expression  of  bone-like  properties,  such  as  the  expression 
of  OC,  BSP  and  RANKL,  they  gain  the  ability  to  undergo 
EMT,  with  increased  expression  of  RANKL  which  pro¬ 
motes  bone  turnover,  cancer  cell  survival  and  subsequent 
colonization  in  bone. 

Mesenchymal  to  epithelial  reversing  transition  or  MErT 
occurred  when  a  human  prostate  cancer  cell  line,  DU- 145, 
was  co-cultured  with  human  hepatocytes  under  three- 
dimensional  (3-D)  conditions  [16].  In  analogous  condi¬ 
tions,  ARCaPM  cells  cultured  by  3-D  Rotary  Wall  Vessel 
(RWV)  underwent  MET  (data  not  included).  Such  rapid 
transition  of  ARCaPM  to  ARCaPE  under  3-D  conditions 
showed  how  ARCaPM  cells  could  “settle”  comfortably  in 
the  skeleton  as  a  part  of  the  metastastic  cascade,  since  re¬ 
expressing  E-cad  provides  ARCaPM  cells  with  strong 
intercellular  adhesion  and  facilitates  their  colonization  in 
bone.  This,  however,  did  not  seem  to  be  the  case  with 
ARCaPM  cells  isolated  from  the  bone  environment,  which 
retained  mesenchymal  features  despite  establishing  stable 
bone  metastatic  potential  and  exhibiting  osteolytic 
response  when  residing  in  bone.  The  derivation  of  a  mes¬ 
enchymal  subline  from  he  bone  marrow  environment  is 
consistent  with  the  findings  of  vimentin  positivity  in  15  of 
15  breast  cancer  cell  lines  developed  by  Pantel  and 
co-workers  from  micrometastases  in  this  environment  [38]. 

MMT,  mesenchymal  to  mesenchymal  transition,  occurs 
in  situ  and  during  embryonic  development,  such  as  with 
the  induction  of  “reactive”  stroma  [39].  The  plasticity  of 
cancer  cells  and  their  surrounding  fibromuscular  stromal 
cells  involves  a  highly  dynamic  reverting  program  (or 
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trans-differentiation)  of  cells  toward  certain  phenotypes 
through  selective  activation  of  cell  signaling  pathways  [14, 
40,  41].  The  underlying  biologic  basis  of  these  transitions 
is  found  in  embryonic  development  and  apparently  persists 
in  adult  cells  and  contributes  to  neoplastic  progression. 
Further  analysis  of  the  ARCaP  model  system  may  reveal 
the  molecular  mechanisms  underlying  such  dynamic 
transitions. 


Conclusions 

We  demonstrated  that  the  host  bone  microenvironment  and 
soluble  growth  factors  are  crucial  in  facilitating  EMT  and 
RANKL  expression,  which  subsequently  promote  prostate 
cancer  cell  migration,  invasion  and  metastasis  to  the  skel¬ 
eton  and  soft  tissues.  Our  data  demonstrated  a  close  link 
between  the  ARCaP  EMT  model  and  human  prostate 
cancer  bone  metastasis.  This  model,  therefore,  is  well 
suited  to  investigate  the  biology  and  targeting  of  the  lethal 
progression  of  human  prostate  cancer  to  bone. 

We  confirmed  the  plasticity  of  prostate  cancer  cells  in 
the  ARCaP  EMT  model  and  their  ability  to  express  the 
embryonic  EMT-associated  LIV-1  gene.  Our  results  sug¬ 
gest  that  through  proper  cell  signaling  switches  mimicking 
embryonic  development,  invasive  ARCaP  cells  armed  with 
mesenchymal  gene  expression  profiles  gained  invasive  and 
migratory  phenotypes  and  can  then  re-acquire  epithelial 
and  embryonic  phenotypes  and  grow  and  flourish  in  the 
metastatic  niche.  We  suggest  that  tumor  cell-host  micro¬ 
environment  interaction  is  critical  in  determining  the 
temporal  and  spatial  transition  of  epithelial  and  mesen¬ 
chymal  cells.  The  ARCaP  model  provides  an  excellent  tool 
to  dissect  the  molecular  links  in  heterogeneous  cancer  cells 
between  EMT,  RANKL  and  bone  turnover,  fundamental  to 
understanding  why  many  solid  tumors,  including  prostate 
cancer,  metastasize  to  bone. 
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Receptor  activator  of  NF-kB  Ligand  (RANKL)  expression 
is  associated  with  epithelial  to  mesenchymal  transition  in 
human  prostate  cancer  cells 

Valerie  A  Odero-Marah1,  Ruoxiang  Wang1,  Gina  Chu1,  Majd  Zayzafoon2,  Jianchun  Xu1,  Chunmeng  Shi1,  Fray  F 
Marshall1,  Flaiyen  E  Zhau1,  Leland  WK  Chung1 

‘Molecular  Urology  and  Therapeutics  Program,  Department  of  Urology  and  Winship  Cancer  Institute,  Emory  University  School  of 
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Epithelial-mesenchymal  transition  (EMT)  in  cancer  describes  the  phenotypic  and  behavioral  changes  of  cancer  cells 
from  indolent  to  virulent  forms  with  increased  migratory,  invasive  and  metastatic  potential.  EMT  can  be  induced  by 
soluble  proteins  like  transforming  growth  factor  pi  (TGFpi)  and  transcription  factors  including  Snail  and  Slug.  We  uti¬ 
lized  the  ARCaPE/ARCaPM  prostate  cancer  progression  model  and  LNCaP  clones  stably  overexpressing  Snail  to  identify 
novel  markers  associated  with  EMT.  Compared  to  ARCaPE  cells,  the  highly  tumorigenic  mesenchymal  ARCaPM  and 
ARCaPM1  variant  cells  displayed  a  higher  incidence  of  bone  metastasis  after  intracardiac  administration  in  SCID  mice. 
ARCaPM  and  ARCaPM1  expressed  mesenchymal  stromal  markers  of  vimentin  and  N-cadherin  in  addition  to  elevated 
levels  of  Receptor  Activator  of  NF-kB  Ligand  (RANKL).  We  observed  that  both  epidermal  growth  factor  (EGF)  plus 
TGFpi  treatment  and  Snail  overexpression  induced  EMT  in  ARCaPE  and  LNCaP  cells,  and  EMT  was  associated  with 
increased  expression  of  RANKL  protein.  Finally,  we  determined  that  the  RANKL  protein  was  functionally  active,  pro¬ 
moting  osteoclastogenesis  in  vitro.  Our  results  indicate  that  RANKL  is  a  novel  marker  for  EMT  during  prostate  cancer 
progression.  RANKL  may  function  as  a  link  between  EMT,  bone  turnover,  and  prostate  cancer  skeletal  metastasis. 
Keywords :  EMT,  bone  microenvironment,  RANKL,  prostate  cancer,  bone  metastasis,  EGF,  TGFpi,  Snail 
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Introduction 

EMT  in  cancer  cells  is  an  event  reminiscent  of  the  inva¬ 
sion  front  of  migrating  cells  during  embryonic  development 
[1].  A  switch  from  a  tightly  clustered  cobblestone-like 
appearance  to  loosely  associated  spindle-shaped  mes¬ 
enchymal  stromal  morphology  characterizes  EMT.  This 
morphologic  switch  is  accompanied  by  markedly  elevated 
expression  of  mesenchymal-associated  genes,  such  as 
vimentin,  N-cadherin,  and  fibronectin,  and  decreased 
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production  of  epithelial-specific  markers,  including  E-cad- 
herin  and  cytokeratins.  It  has  been  widely  reported  that,  by 
undergoing  EMT,  cancer  cells  gain  increased  growth  and 
malignant  potential  [2-4].  Results  obtained  from  various 
experimental  models  revealed  that  through  EMT  cancer 
cells  became  more  migratory,  invasive,  and  metastatic  [5- 
7].  Although  EMT  is  well  studied  in  vitro,  data  on  EMT 
occurrence  in  specific  solid  tumors  in  vivo  and  its  relevance 
to  the  process  of  cancer  progression  have  been  scarce. 

Soluble  factors  such  as  epidermal  growth  factor  (EGF), 
scatter  factor/hepatocyte  growth  factor  (SF/HGF),  and 
members  of  the  transforming  growth  factor,  TGFpi,  and 
basic  fibroblast  growth  factor  (bFGF)  families  have  been 
shown  to  promote  EMT  in  several  model  systems  [1,8, 
9].  The  EpH4  mouse  mammary  epithelial  cell  line,  for 
example,  was  promoted  to  undergo  EMT  by  cooperation 
of  active  Ras  and  TGFp  via  signaling  through  the  MAPK, 
ERK,  and  phosphoinositide  3  kinase  (PI3K)  pathways  [10]. 
Insulin-like  growth  factor  II  (IGF-II)  stimulated  EMT  in 
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NBT-II  rat  bladder  carcinoma  cells  via  nuclear  translocation 
of  (3-catenin  [11].  These  soluble  growth  factors,  known  to 
be  abundant  in  the  bone  microenvironment  [12],  are  re¬ 
leased  upon  increased  bone  turnover  and  could  fuel  cancer 
growth.  The  Snail  transcription  factor,  a  downstream  target 
of  TGF(31,  has  been  shown  to  induce  EMT  in  several  in 
vitro  cell  models  for  breast,  ovarian,  and  bladder  cancers  [3, 
1 3- 1 5].  In  a  human  squamous  cell  carcinoma  (SCC)  model, 
EMT  was  induced  by  overexpression  of  Snail  and  SIP  1 ,  or 
by  T G  F (1 1  treatment  [  1 6] .  A  common  theme  seems  to  be  a 
coordinated  suppression  of  adhesion  molecules  E-cadherin 
and  desmosomal  proteins  (desmoplakin,  desmoglein),  with 
a  concomitant  activation  of  vimentin,  fibronectin,  and  col¬ 
lagens  [1,  5,  9], 

EMT  is  not  as  well  studied  in  prostate  cancer  as  in  other 
cancers.  Prostate  cancer  cells  have  been  shown  to  overex¬ 
press  TGFJ31,  which  stimulates  angiogenesis  and  inhibits 
immune  responses,  and  thus  promotes  cancer  growth  [17]. 
Zhau  et  al.  observed  increased  invasion  and  growth  of  hu¬ 
man  prostate  cancer  PC-3  cells  following  transfection  with 
c-erbB2/neu,  coordinated  by  vimentin  overexpression  [18], 
EMT  was  also  induced  in  PC-3  cells  through  transfection 
with  human  kallikrein  4  gene  [19]. 

Receptor  Activator  of  NF-kB  Ligand  (RANKL),  a  mem¬ 
ber  of  the  TNF  family,  is  a  protein  normally  expressed  on 
the  surface  of  stromal  cells  and  osteoblasts,  and  mediates 
osteoclast  differentiation  and  osteolytic  bone  resorption 
[20,  21],  Physiologically,  RANKL  binds  RANK  receptor 
on  the  surface  of  the  osteoclast,  and  this  interaction  can  be 
blocked  by  osteoprotegerin  (OPG),  a  decoy  receptor  for 
RANKL  [22].  Although  prostate  cancer  bone  metastases 
are  mostly  osteoblastic  in  nature,  both  osteoblastic  and 
osteolytic  lesions  can  be  seen  [23, 24].  Bone  resorption  can 
be  shown  by  an  increase  in  serum  and  urine  markers,  dem¬ 
onstrating  increased  bone  turnover  during  prostate  cancer 
bone  metastasis  [25],  The  ‘vicious  cycle’  theory  proposes 
that  increased  bone  resorption  results  in  elevated  TGFp, 


which  promotes  cancer  cells  to  synthesize  parathyroid 
hormone-related  peptide  (PTHrP)  that  stimulates  RANKL 
expression  by  osteoclasts,  resulting  in  osteoclastogenesis 
[26].  Recently,  increased  RANKL  expression  has  been 
detected  in  human  prostate  cancers  [27,  28],  indicating 
a  direct  effect  of  the  prostate  cancer  cells  on  osteoclasto¬ 
genesis  [27,  29]. 

We  recently  reported  the  establishment  of  the  first  human 
prostate  cancer  EMT  animal  model  [30].  ARCaP  human 
prostate  cancer  cells  were  found  to  acquire  mesenchymal 
stromal  properties  following  xenograft  growth  in  the  host 
bone.  We  report  here  that  soluble  factors  EGF  and  TGF(31, 
or  Snail  transcription  factor,  can  also  induce  EMT  in  AR¬ 
CaP  cells,  and  EMT  in  LNCaP  cells  can  be  induced  by  Snail 
overexpression.  Upon  inducing  EMT,  elevated  expression 
of  functional  RANKL  was  found  in  both  the  ARCaP  and 
LNCaP  models.  Our  data  suggest  a  possible  link  between 
EMT  and  elevated  RANKL  expression  and  provide  sup¬ 
portive  rationales  for  targeting  RANKL-mediated  signaling 
in  prostate  cancer  bone  metastasis. 

Results 

The  bone  microenvironment  promoted  EMT  and  increased 
prostate  cancer  invasion  in  mice 

We  previously  reported  that,  based  on  morphologic 
and  behavioral  features,  ARCaP  human  prostate  cancer 
cells  could  be  separated  into  epithelial-like  ARCaPE  and 
mesenchymal  stromal-like  ARCaPM  subclones,  while 
ARCaP,  underwent  EMT  after  interaction  with  both  bone 
and  adrenal  gland  in  immune-compromised  mice  [30]. 
In  the  current  study,  to  investigate  the  mechanism  for  the 
transition,  ARCaPE  and  ARCaPM  cells  were  injected  by 
the  intracardiac  route  into  SCID  mice  for  spontaneous 
bone  metastasis. 

This  series  of  experiments  revealed  that  ARCaPM  cells 
displayed  more  aggressive  bone  metastatic  capability,  with 


Table  1  Metastatic  potential  of  ARCaP  sublines  in  the  progression  model 


Cell 

Incidence  (%) 

Bone  metastatic  sites 

Latency  (range  in  days) 

ARCaPE 

1/8(12.5) 

Femur,  tibia 

71 

ARCaPM 

7/18(38.9) 

Mandible,  femur,  tibia,  spine 

119.4±42.9  (70-165) 

ARCaPM1b 

11/14(78.6) 

Mandible,  femur,  tibia,  pelvis,  rib,  sternum,  spine 

77.9±26.4  (51-1 30)c 

ARCaP  progression  model:  incidence,  sites,  and  latency  of  bone  metastasis.  ARCaPE  or  ARCaPM  cells  injected  intracardiacally  in  SCID  mice 
metastasized  to  various  bone  sites  with  increased  incidence  rates  and  shorter  latency  periods.  ARCaPM1  was  derived  from  ARCaPM. 

“The  SCID  mice  were  used  in  the  study.  Tumor  metastases  were  evaluated  following  intracardiac  inoculation  in  SCID  mice. 
bARCaPM1  is  a  derivative  subline  of  the  ARCaPM. 

cp<0.003  (refers  to  the  statistically  significant  difference  in  latency  between  ARCaPM1  and  ARCaPM  experimental  groups.  Student’s  t-test  compared 
to  ARCaPM). 
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an  incidence  of  38.9%  compared  to  ARCaPE,  which  had 
a  12.5%  incidence  of  tumor  formation  in  the  bone  (Table 
1).  We  then  isolated  cancer  cells  from  the  ARCaPM  bone 
tumors  and  denoted  the  isolate  as  ARCaPM!.  Cells  from 
ARCaPM1,  upon  another  round  of  intracardiac  adminis¬ 
tration,  showed  a  markedly  increased  78.6%  incidence 
of  bone  metastasis.  Moreover,  a  significantly  shortened 
latency  period  was  observed  for  ARCaPM1  as  compared  to 
ARCaPM  (Table  1). 


We  have  previously  observed  a  similar  effect  from  the 
bone  microenvironment  on  ARCaPE  cells  [30].  Cancer 
cells  derived  from  ARCaPE  bone  tumor  exhibited  mark¬ 
edly  increased  tumorigenicity  upon  a  second  intracardiac 
implant.  In  addition,  the  cancer  cells  from  ARCaPE  bone 
tumor  displayed  morphologic  changes,  from  the  original 
cobblestone  to  a  spindle-shaped  scattered  shape  in  culture, 
suggestive  of  the  occurrence  of  EMT.  To  further  investigate 
the  process,  we  performed  a  series  of  histopathological 
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Figure  1  ARCaP  subclones  exhibited  bony  metastases.  ARCaPE  and  ARCaPM  cells  were  injected  intracardiacally  into  SCID  mice 
for  spontaneous  bone  tumor  formation.  (A)  A  representative  mouse  developed  cachexia  and  paraplegia  during  the  late  stages 
of  ARCaPE  bone  metastasis  (left  panel).  A  representative  X-ray  depicts  osteoblastic  and  osteolytic  lesions  (arrows)  in  the  mouse 
femur  (right  panel).  (B)  EMT  is  a  general  feature  in  prostate  cancer  bone  metastasis.  A  human  specimen  of  prostate  cancer 
bone  metastasis  (upper  row,  human)  and  an  ARCaPE  xenograft  bone  tumor  (lower  row,  ARCaPE)  were  examined  to  identify  the 
occurrence  of  EMT  in  a  parallel  immunohistochemical  analysis.  Bar  =  120  pm.  (C)  Progressive  expression  of  Snail  and  RANKL 
in  human  prostate  cancer  specimens.  Representative  tumor  tissue  histopathologies  are  shown.  Bar  =  1 20  pm. 
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analyses  of  ARCaPE  bone  tumor. 

Mice  bearing  the  ARCaPE  bone  tumor  developed  cachex¬ 
ia  as  shown  in  the  representative  picture  (Figure  1A,  left 
panel).  Under  X-ray  radiography,  regions  of  bone  metas- 
tases  were  seen  with  mixed  osteoblastic/osteolytic  lesions 
(Figure  1A,  right  panel),  and  these  results  were  confirmed 
by  FI&E  staining  of  the  tumor  specimens  harvested  from 
mouse  bone  (data  not  shown).  To  confirm  that  the  ARCaPE 
cells  in  the  bone  tumor  have  undergone  EMT,  we  exam¬ 
ined  the  expression  of  vimentin,  which  was  considered  a 
mesenchymal-specific  protein  and  a  typical  EMT  marker. 
A  collection  of  human  specimens  of  clinical  prostate  cancer 
bone  metastasis  was  stained  in  parallel  with  the  ARCaPE 
bone  tumors.  We  found  increased  vimentin  staining  in  both 
the  human  specimens  and  the  ARCaPE  bone  tumors,  and 
the  stains  appeared  to  be  specifically  located  in  the  tumor 
cells  (Figure  IB).  Using  the  same  strategy,  we  examined 
the  expression  of  a  panel  of  genes  that  were  considered  to 
be  mesenchymal-specific,  and  observed  that  tumor  cells 
transitioning  to  express  mesenchymal  markers  emerged 
as  a  general  trend  (data  not  shown). 

Interestingly,  this  series  of  analysis  revealed  a  coordi¬ 
nated  expression  of  Snail  and  RANKL  upon  the  occurrence 
of  EMT  (Figure  IB).  In  another  examination  of  these  two 
genes  in  a  series  of  clinical  prostate  cancer  specimens,  both 
Snail  and  RANKL  were  found  to  be  differentially  expressed 
during  prostate  cancer  progression  and  metastasis  (Figure 
1C).  Snail,  as  a  transcription  factor,  is  known  to  promote 
EMT  both  in  developmental  processes  and  in  cancer  me¬ 
tastasis  [31-33].  RANKL  is  a  potent  paracrine  factor  for 
osteoclastogenesis  and  bone  resorption  [34,  35],  Because 
of  the  pathophysiological  importance  of  these  genes,  we 
performed  further  investigations  to  illuminate  the  regula¬ 
tory  relationship  between  these  genes. 

RANKL  is  a  novel  EMT  marker  in  theARCaP  human  pros¬ 
tate  cancer  progression  model 

Since  RANKL  is  known  to  be  an  important  protein  in 
the  colonization  of  prostate  cancer  cells  in  bone  [27,  29], 
we  examined  whether  RANKL  is  a  specific  biomarker 
associated  with  EMT  in  the  ARCaP  progression  model. 
We  compared  the  expression  of  the  conventional  EMT 
markers  and  RANKL  in  ARCaPE,  ARCaPM,  and  ARCaPM1 
cells.  Morphologically,  ARCaPE  formed  tight  cobblestone 
clusters  while  ARCaPM  and  its  variant,  ARCaPM1,  were 
more  spindle-shaped  and  scattered  in  culture  (Figure  2A). 
Western  blot  analysis  showed  decreased  E-cadherin  but 
increased  N-cadherin,  vimentin,  and  RANKL  expression 
in  ARCaPM  and  ARCaPM1,  when  compared  to  ARCaPE 
(Figure  2B).  With  the  exception  of  vimentin,  RT-PCR  re¬ 
sults  corresponded  with  the  Western  blot  results.  Vimentin 
expression  only  differed  at  the  protein  level,  indicative  of  a 
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Figure  2  RANKL  is  a  novel  EMT  marker  in  theARCaP  EMT  model. 
(A)  Phase  contrast  microscopy  revealed  cobblestone  epithelial 
clusters  for  ARCaPE,  while  ARCaPM  and  ARCaPM1  were  more 
fibroblastic.  Bar  =  120  pm.  (B)  RT-PCR  (left  panel)  and  Western 
blot  (right  panel)  analyses  showed  decreased  E-cadherin  (E-cad), 
and  increased  N-cadherin  (N-cad),  vimentin,  and  RANKL  in  the 
EMT  model, from  ARCaPEtoARCaPMandARCaPM1.  Levels  of  the 
p-actin  were  used  as  loading  controls.  Note  that  vimentin  expres¬ 
sion  differences  could  only  be  detected  at  the  protein  level.  Results 
shown  are  representative  of  three  independent  experiments. 


post-transcriptional  regulation  of  this  protein.  Our  results 
show  that  the  differential  expression  of  RANKL  is  associ¬ 
ated  with  EMT  in  the  ARCaP  prostate  cancer  progression 
model. 

Both  EGF  and  TGFfH  were  required  to  induce  and  main¬ 
tain  EMT  in  ARCaP E  cells 

TGF(31  and  EGF  have  been  shown  to  induce  EMT  in 
many  cancer  cells  [36-38].  Since  these  soluble  factors  are 
known  to  be  available  in  bone  and  at  primary  sites  of  pros¬ 
tate  cancer  growth,  we  tested  whether  these  growth  factors 
could  stimulate  EMT  in  the  ARCaPE  cells.  We  found  that 
treatment  with  either  EGF  (50  ng/ml)  or  TGF(31  (4  ng/ml) 
for  72  h  was  unable  to  induce  morphologic  changes  in 
ARCaPE  cells.  A  combination  of  EGF  with  TGF(31,  how¬ 
ever,  led  to  cell  morphologic  changes  from  predominantly 
cobblestone  epithelial  shape  to  spindle  fibroblast-like  shape 
(Figure  3A). 

We  performed  immunocytochemical  staining  to  further 
confirm  the  occurrence  of  EMT  in  the  treated  ARCaPE  cells. 
Following  combinatory  treatment  with  EMT  and  TGFfll, 
N-cadherin  expression  increased  at  48  h,  followed  by  de- 
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Figure  3  TGFpi  plus  EGF,  but  not  individual  growth  factor  alone,  induced  ARCaPE  to  undergo  EMT  associated  with  increased 
RANKL  expression.  (A)  Treatment  with  both  growth  factors  was  required  to  induce  changes  in  cell  morphology  from  epithelial 
to  spindle  shaped.  Bar  =120  pm.  (B)  EMT  marker  gene  expression  was  detected  by  immunocytochemistry.  Bar  =  120  pm.  (C) 
EMT-associated  protein  profiles  were  confirmed  by  Western  blot  analysis,  showing  decreased  E-cad,  increased  vimentin  and 
RANKL.  (D)  Western  blot  analysis  of  ARCaPE  cells  treated  with  TGFpi  plus  EGF  (T  +  E)  for  3,  11 , 37,  or  37  days,  followed  by 
withdrawal  of  growth  factors  for  9  days.  The  absence  of  (T  +  E)  reversed  EMT.  All  blots  were  stripped  and  subsequently  re¬ 
probed  for  p-actin  as  a  loading  control. 


creased  E-cadherin  and  increased  vimentin  and  RANKL 
expression  at  72  h  (Figure  3B).  Western  blot  analysis 
showed  that,  while  separate  treatment  with  TGF(31  or  EGF 
for  72  h  only  slightly  decreased  E-cadherin  and  increased 


vimentin  and  RANKL  levels,  the  combination  treatment 
significantly  and  additively  decreased  the  expression  of 
E-cadherin  and  increased  the  expression  of  vimentin  and 
RANKL  (Figure  3C). 
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Long-term  treatment  with  4  ng/ml  TGF(3 1  plus  50  ng/ml 
EGF  (T  +  E)  for  up  to  37  days  supported  the  EMT  transi¬ 
tion  of  ARC aPE  cells,  as  illustrated  by  decreased  E-cadherin 
and  increased  vimentin  protein  expression  (Figure  3D). 
This  growth  factor-mediated  EMT  was  associated  with 
increased  RANKL  protein  expression.  Upon  growth  fac¬ 
tor  withdrawal  for  9  days  following  the  37-day  treatment 
[37d(T  +  E),  9d(-)],  the  EMT  was  reversed,  as  shown  by 


Figure  4  Increased  migration  and  invasion  are  associated  with 
EMT  promoted  by  growth  factor  treatment  of  ARCaPE  cells.  Growth 
factor-treated  cells  that  had  migrated  across  collagen  matrix  were 
counted  to  determine  the  percentage  cell  migration  relative  toAR- 
CaPM  as  a  positive  control  (top  panel).  Cells  that  invaded  through 
matrigel  matrix  were  fixed,  stained,  solubilized,  and  OD590  nm 
read  to  obtain  relative  invasion  (bottom  panel).  Data  represent  the 
average  ±  standard  deviation  from  four  separate  experiments  with 
2-3  replicates  per  experiment. 


a  switch  of  gene  expression  profiles  toward  that  of  the 
original  ARCaPE  cells  (Figure  3D).  In  a  separate  study 
addressing  the  effect  of  Snail  on  ARCaPE  cells  [39],  we 
also  observed  increased  expression  of  Snail,  a  transcrip¬ 
tion  factor  that  can  induce  EMT,  in  ARCaPE  cells  treated 
with  TGFpi  and  EGF,  most  significantly  after  11  and  37 
days.  These  results  support  the  hypothesis  that  the  growth 
factor  milieu  is  required  to  maintain  the  EMT  phenotype, 
possibly  through  up-regulation  of  Snail  transcription  factor. 
In  addition,  co-treatment  of  ARCaPE  cells  with  the  RANK 
decoy  receptor,  OPG  (50  ng/ml),  did  not  block  expression 
of  EMT  markers  induced  by  TGFpi  and  EGF,  nor  did  it 
inhibit  RANKL  expression,  suggesting  that  the  inhibition 
of  RANK  binding  to  RANKL  does  not  affect  EMT  (data 
not  shown).  Similarly,  treatment  of  ARCaPM  with  50  ng/ml 
OPG  did  not  abolish  EMT;  vimentin  and  RANKL  expres¬ 
sion  and  levels  of  E-cadherin  expression  were  not  changed 
in  these  studies  (data  not  shown).  Therefore,  both  TGFpi 
and  EGF  are  required  to  induce  and  maintain  EMT  in  the 
human  prostate  cancer  ARCaP  cell  model,  while  blocking 
RANKL -RANK  interaction  using  OPG  does  not  abolish 
EMT. 

EMT  induced  by  TGFfll  plus  EGF  is  accompanied  by 
increased  migration  and  invasion  of  ARCaP  cells 

We  assessed  ARCaP  cell  behavioral  changes  after 
growth  factor-induced  EMT.  Cell  migration  in  the  Boyden 
chambers  increased  approximately  15 -fold  after  treatment 
of  ARCaPE  with  both  TGFpi  and  EGF  for  48  h  (Figure  4). 
Since  RANKL  protein  expression  was  induced  by  the  expo¬ 
sure  of  ARCaPE  cells  to  the  growth  factor  milieu,  we  tested 
whether  RANKL  could  mediate  the  growth  factor- induced 
increase  in  cell  migratory  behaviors  in  an  autocrine  manner 
through  interaction  with  RANK  receptor  on  the  cell  surface. 
Co-treatment  of  ARCaPE  cells  with  growth  factors  and  a 
RANK  decoy  receptor,  OPG  (50  ng/ml),  failed  to  show 
any  suppressive  effects  on  the  migration  of  ARCaPE  cells 
(Figure  4).  In  addition,  OPG  did  not  affect  the  migratory 
rate  of  ARCaPM  (data  not  shown).  Conversely,  the  three¬ 
fold  increase  of  ARCaPE  migration  stimulated  by  recom¬ 
binant  RANKL  (200  ng/ml)  was  completely  abolished  by 
co-treatment  of  these  cells  with  both  recombinant  RANKL 
and  OPG  (Figure  4).  Together,  these  results  suggest  that 
RANKL  was  not  directly  responsible  for  the  increase  in  cell 
migration  induced  by  EGF  and  TGFpi,  but  instead  EGF 
and  TGFpi  may  induce  cell  migration  via  a  RANKL-inde- 
pendent  pathway.  Although  EGF  and  TGFpi  did  increase 
invasion  slightly  in  ARCaPE  cells,  the  difference  was  not 
statistically  significant.  In  addition,  neither  RANKL  nor  its 
inhibitor  OPG  was  able  to  affect  cell  invasion  (Figure  4). 
These  results  are  consistent  with  the  interpretation  that  EGF 
and  TGFpi  utilize  distinct  signaling  pathways,  independent 
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Figure  5  Ectopic  expression  of  Snail-induced  EMT  and  increased  RANKL  expression  in  ARCaPE  and  LNCaP  cells.  An  expres¬ 
sion  vector  containing  a  constitutively  active  Snail  cDNA  was  stably  transfected  into  (A)  ARCaPE  cells  or  (B)  LNCaP  cells,  and 
EMT  markers  were  analyzed  by  Western  blot.  Panels  (A)  and  (B)  are  the  representative  blots  of  gene  expression  in  selected 
Snail-  and  neo-transfected  clones.  (C)  Cell  migration  was  analyzed  using  a  Boyden  chamber  coated  on  the  underside  with 
collagen.  OD590  nm  represents  relative  migration.  Panel  (C)  represents  the  average  ±  standard  deviation  from  four  separate 
experiments  with  2-3  replicates  per  experiment. 


of  RANKL  and  its  interaction  with  RANK,  in  the  induction 
of  cell  migration  and  invasion  of  ARCaPE  cells. 

Snail  is  a  common  mediator  of  EMT  in  human  LNCaP  and 
ARCaP  prostate  cancer  cell  models:  evidence  of  increased 
RANKL  expression  and  cell  migration 

Because  of  the  possible  roles  of  Snail  in  EMT,  we 
transfected  ARCaPE  and  LNCaP  cells  with  either  Snail 
cDNA  or  empty  Neo  control  vector.  Stable  clones  were 
generated  by  neomycin  selection  and  characterized.  The 
Snail-transfected  ARCaPE  clones  expressed  higher  levels 
of  Snail  than  those  in  the  Neo  control  on  Western  blot 
analysis  (Figure  5A).  In  addition,  the  Snail-transfected 
clones  had  decreased  E-cadherin  and  increased  vimen- 
tin  and  RANKL  expressions,  consistent  with  EMT.  The 
Snail-transfected  LNCaP  cells  also  underwent  EMT  with 
concomitant  gene  expression  changes,  with  the  exception 
that  E-cadherin  expression  was  not  changed  at  the  cellular 
level  (Figure  5B).  Instead,  immunocytochemical  analysis 
of  the  transfected  clones  suggested  a  re-organization  of 
the  E-cadherin  proteins,  shifted  from  cell  junctions  to  a 
predominantly  cytoplasmic  localization  (Supplementary 
information.  Figure  SI).  Importantly,  the  Snail-induced 
EMT  was  accompanied  by  increased  cell  migration  in  both 
ARCaPE  (30%)  and  LNCaP  (50%)  when  representative 
Snail  transfectants  were  compared  to  control  Neo  clones 
(Figure  5C). 

Increased  in  vitro  osteoclastogenesis  in  ARCaP M  and 
ARCaPE-Snail  cells 

We  next  examined  whether  elevated  RANKL  expres¬ 
sion  by  the  ARCaPM  or  Snail-transfected  ARCaPE  cells 
was  functional.  An  in  vitro  osteoclastogenesis  assay  was 


performed  to  quantify  osteoclast  maturation.  Cancer  cells 
co-cultured  with  mouse  splenocytes  for  14  days  induced 
the  pre-osteoclast  progenitor  cells  to  form  mature  mul- 
tinucleated  osteoclasts,  which  showed  positive  TRAP 
stain  (Figure  6A  and  6B).  A  two-fold  increase  in  mature 
osteoclast  numbers  was  noted  in  ARCaPM  co-cultures, 
compared  to  ARCaPE  co-cultures.  Treatment  of  ARCaPM 
co-cultures  with  OPG  abrogated  the  osteoclastogenesis 
and  reduced  the  number  of  mature  osteoclasts  (Figure  6A 
and  6B).  Similarly,  ARCaPE  cells  overexpressing  Snail 
(ARCaP-Snaill2)  led  to  increased  TRAP  staining  with  a 
drastic  40-fold  increase  in  multi-nucleated  osteoclasts,  and 
this  increase  could  be  partially  inhibited  by  OPG  (Figure 
6C).  These  results  suggest  that  the  RANKL  produced  by 
ARCaPM  and  ARCaPE-Snail  cells  is  biologically  functional, 
inducing  osteoclastogenesis  in  vitro.  Finally,  to  assess  the 
regulation  of  RANKL  expression  by  the  Snail  transcription 
factor,  clones  of  the  Snail-transfected  ARCaPE  cells  were 
intracardiacally  injected  to  SCID  mice.  The  spontaneous 
bone  tumors  were  dissected  for  TRAP  staining  for  osteo¬ 
clasts.  There  was  an  elevated  number  of  TRAP-positive 
osteoclasts  lining  the  bone  surface  (Figure  6D),  indicative 
of  increased  RANKL  activity  in  the  Snail-transfected 
ARCaP,  clones. 

Discussion 

The  prevalence  of  prostate  cancer  and  its  propensity  to 
skeletal  metastases  are  well  recognized  [40].  Most  men 
who  die  of  prostate  cancer  have  metastatic  bone  disease 
[41],  The  present  communication  focused  on  determining 
the  causal  relationship  between  human  prostate  cancer 
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Figure  6  Increased  osteoclastogenesis  in  vitro  upon  co-culturing  mouse  macrophage  cells  with  ARCaPM  or  ARCaP-Snail 
transfectants.  (A)  ARCaPM  cells  that  overexpress  RANKL  when  co-cultured  with  mouse  macrophage  cells  induced  more  TRAP 
staining  as  seen  under  light  microscopy,  as  compared  to  ARCaPE  co-cultures,  which  was  effectively  antagonized  by  OPG,  sug¬ 
gesting  that  the  RANKL  overexpressed  by  ARCaPM  cells  is  functional.  Bar  =  120  pm.  (B)  Multinucleated  TRAP  positive  cells 
from  ARCaPE  or  ARCaPM  co-cultures  were  counted  under  a  light  microscope.  (C)  Co-culture  of  ARCaP-Snail12  performed 
similarly  revealed  increased  multinucleated  TRAP-positive  cells  compared  to  the  Neo  control.  The  results  represent  triplicate 
results  obtained  from  two  independent  experiments.  (C)  One  of  the  Snail-transfected  ARCaPE  cell  clones  was  intracardiacally 
injected  to  SCID  mice  and  the  spontaneous  bone  metastatic  tumors  were  dissected  for  TRAP  staining  of  osteoclasts.  An  elevated 
number  of  TRAP-positive  osteoclasts  lining  the  bone  surface  was  observed,  indicative  of  an  increased  RANKL  activity  in  the 
Snail-transfected  ARCaPE  clones.  Bar  =  240  pm. 
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bone  metastasis  and  EMT  using  a  newly  established  hu¬ 
man  prostate  cancer  ARC aP  EMT  model.  Results  of  our 
study  demonstrated  that  the  host  bone  microenvironment, 
selected  soluble  growth  factors,  and  the  Snail  transcrip¬ 
tion  factor  could  provoke  EMT  in  ARCaP  human  prostate 
cancer  cells.  Specifically,  we  identified  the  expression  of 
functional  RANKL  as  a  novel  EMT  marker  which  may  be 
responsible,  in  part,  for  increased  bone  turnover  and  subse¬ 
quent  prostate  cancer  cell  growth  and  bone  colonization. 

EMT  occurs  during  embryonic  development,  where 
the  invasion  front  of  migrating  primordial  epithelial  cells 
undergoes  morphologic  and  behavioral  transition,  starting 
to  express  mesenchymal  phenotypes  and  biomarkers  [1],  It 
has  been  widely  reported  that  cancer  cells  similarly  undergo 
EMT,  leading  to  increased  migratory,  invasive,  and  meta¬ 
static  potential  [5-7].  Despite  reports  claiming  that  vimentin 
may  be  co-expressed  in  localized  and  disseminated  prostate 
cancers  with  increased  oncogenic  signals  [30, 42],  there  was 
little  documentation  of  biologic  and  molecular  associations 
between  vimentin  expression  and  the  behaviors  of  human 
prostate  cancer  cells.  In  this  study,  we  showed  that  vimentin 
expression  was  intimately  associated  with  EMT  in  both  the 
ARCaP  and  LNCaP  prostate  cancer  cell  lines,  and  we  have 
identified  classical  as  well  as  novel  biomarkers  associated 
with  this  transition. 

We  noted  consistent  morphologic  and  behavioral 
changes  associated  with  EMT  in  the  ARCaP  model  and 
this  transition  could  predict  the  metastatic  potential  of 
prostate  cancer  cells  to  bone.  We  identified  RANKL  as  a 
novel  EMT-associated  biomarker  in  both  ARCaP  and  Snail- 
transfected  LNCaP  cells.  Under  physiologic  conditions, 
RANKL,  expressed  by  osteoblasts,  stimulates  osteoclast 
maturation  and  bone  resorption  through  the  surface  RANK 
receptor-expressing  osteoclasts  [43, 44].  Our  data  indicated 
that  ARCaPM  cells  expressing  mesenchymal  phenotype  and 
Snail-transfected  LNCaP  cells  could  mimic  osteoblasts  by 
expressing  higher  levels  of  RANKL,  and  the  expression 
led  to  increased  osteoclast  maturation.  These  results  sug¬ 
gest  that  EMT  may  be  associated  with  bone-homing  or 
increased  bone  turnover  elicited  by  the  invading  prostate 
cancer  cells. 

The  soluble  factors  TGF(31  and  EGF  were  also  able  to  in¬ 
duce  EMT  in  ARCaP  cells  by  down-regulating  E-cadherin, 
and  up-regulating  vimentin,  Snail,  and  RANKL.  TGF(31 
has  been  shown  previously  to  increase  Snail  expression  and 
osteoclastogenesis  through  regulation  of  RANKL  protein, 
while  EGF  has  so  far  only  been  shown  to  regulate  Snail 
[45-48],  We  propose  that  the  regulation  of  bone  turnover 
by  TGF(3  may  be  mediated,  in  part,  through  Snail-regu¬ 
lated  RANKL  expression,  and  we  are  currently  testing  this 
hypothesis.  Recent  Endings  indicated  that  RANKL  is  im¬ 
portant  for  the  migration  and  homing  of  melanoma  cancer 


cells  to  bone  [49].  It  is  possible  that  EMT  may  couple  with 
prostate  cancer  bone  homing  through  RANKL  expression, 
its  ability  to  increase  bone  turnover,  and  subsequent  bone 
colonization. 

It  appears  that  up-regulation  of  RANKL  is  a  common 
feature  of  EMT,  whether  it  is  induced  by  cellular  interaction 
with  the  bone  microenvironment,  treatment  with  TGF(31 
and  EGF,  or  by  transfecting  with  the  Snail  transcription 
factor.  To  our  knowledge  this  is  the  first  report  showing 
that  the  additive  effects  of  TGF(31  and  EGF,  and  Snail 
transfection  can  increase  RANKL  expression.  TGF(31  has 
previously  been  shown  to  induce  RANKL  expression  and 
subsequently  stimulate  osteoclast  differentiation  [45,  48]. 
There  are  no  reports  of  RANKL  regulation  by  EGF  alone 
or  co-regulation  by  TGF(31  plus  EGF.  Our  results  indicated 
that  combined  EGF  and  TGF(31 ,  but  not  these  growth  fac¬ 
tors  alone,  elicited  increased  cell  migration  and  that  these 
effects  could  not  be  abrogated  by  OPG.  In  control  ex¬ 
periments,  however,  pharmacologic  doses  of  recombinant 
RANKL  did  lead  to  increased  cell  migration,  and  the  effect 
could  be  blocked  by  OPG.  These  results  are  in  agreement 
with  a  previous  report  that  RANKL  induced  migration  in 
breast  and  prostate  cancer  cells  [49].  Because  very  high 
concentrations  of  RANKL  were  needed  to  promote  prostate 
cancer  cell  migration,  the  RANKL  level  observed  in  AR¬ 
CaP  cells  may  be  too  low  to  elicit  a  cell  migration  effect. 
Instead,  the  level  of  RANKL  in  ARCaP  may  be  sufficient 
for  osteoclastogenesis,  bone  resorption,  and  turnover,  and 
for  supporting  prostate  cancer  bone  colonization. 

The  Snail  transcription  factor  has  been  shown  to  induce 
EMT  in  breast,  ovarian,  and  bladder  cancers  [13-16].  Its 
direct  effect  on  prostate  cancer  cells,  however,  has  not 
been  extensively  investigated.  Down-regulation  of  pros- 
tasin  gene  in  hormone-refractory  prostate  cancer  has  been 
shown  to  be  mediated  by  the  Snail  homolog,  Slug,  through 
the  repression  of  prostasin  promoter  [28].  In  the  TRAMP/ 
FVB  mouse  prostate  cancer  progression  model,  genistein 
was  shown  to  inhibit  cancer  growth  and  progression  in 
vivo  by  down-regulating  Snail  [50].  We  demonstrated  that 
overexpression  of  Snail  in  ARCaPE  and  LNCaP  cells  was 
able  to  drive  EMT  characterized  by  decreased  E-cadherin 
expression,  or  relocalization  of  E-cadherin  in  LNCaP  from 
the  cytoplasmic  membrane  junction  to  the  cytosol.  This 
was  accompanied  by  increased  vimentin  and  RANKL 
protein  expression,  as  well  as  increased  cell  migration. 
Furthermore,  the  Snail-induced  RANKL  in  ARCaPE  cells 
was  functional  and  could  increase  osteoclastogenesis  in 
vitro.  This  is  the  first  documented  report  of  Snail  regulation 
of  RANKL  protein  and  osteoclast  maturation  and  provides 
a  crucial  link  between  EMT  and  possible  bone  turnover. 
Snail  has  been  reported  to  be  important  for  chondrocyte 
differentiation  and  was  highly  expressed  in  hypertrophic 
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chondrocytes  of  developing  mouse  limb  [51],  There  is  no 
documentation  of  the  role  of  Snail  in  bone,  and  further 
studies  are  going  on  to  investigate  the  link  between  Snail 
regulation  of  RANKL,  bone  turnover,  and  prostate  cancer 
bone  metastasis. 

Our  results  revealed  that  the  factors  that  drive  EMT  can 
also  regulate  RANKL  expression  in  human  prostate  cancer, 
and  RANKL  is  a  common  mediator  downstream  from 
growth  factors  (TGF(31  and  EGF),  bone  microenvironment, 
and  Snail  activation.  Several  studies  have  shown  the  ef¬ 
ficacy  of  targeting  RANKL  in  myeloma  and  prostate  cancer 
bone  lesions.  Recombinant  OPG  linked  to  an  Fc  portion 
of  immunoglobulins  (OPG-Fc),  decoy  RANK-Fc  receptor, 
or  humanized  RANKL  antibodies  has  been  developed  [52- 
54].  On  the  other  hand,  our  studies  suggest  that  inhibitors 
of  TGF(31,  EGF,  or  Snail  signaling  may  not  only  prevent 
EMT,  but  also  retard  the  RANK-RANKL  signaling.  These 
inhibitors  should  be  evaluated  for  their  efficacy  to  prevent 
EMT,  metastasis,  and  subsequent  colonization  of  prostate 
cancer  cells  in  bone. 

In  summary,  we  showed  that  EMT  in  human  prostate 
cancer  could  be  induced  and  maintained  through  interac¬ 
tion  with  the  bone  microenvironment,  by  treatment  with 
growth  factors  EGF  and  TGF(31,  and  following  Snail 
overexpression.  The  morphologic  and  behavioral  switch 
for  ARCaP  E  cells  to  undergo  EMT  was  accompanied  by 
decreased  E-cadherin,  and  increased  N-cadherin,  vimentin, 
and  RANKL  expression.  The  functional  RANKL  could 
enhance  bone  resorption  and  bone  turnover,  which  could 
facilitate  subsequent  prostate  cancer  bone  metastasis.  Since 
increased  RANKL  expression  was  detected  in  both  LNCaP 
and  ARCaP  human  prostate  cancer  EMT  models,  target¬ 
ing  RANKL -RANK  plus  specific  growth  factor  signaling 
interrupting  EMT  may  offer  advantages  for  the  treatment 
of  human  prostate  cancer  bone  metastasis. 

Materials  and  Methods 

Reagents  and  antibodies 

T-medium  was  purchased  from  Invitrogen  (Carlsbad,  CA). 
Penicillin-streptomycin  was  from  Bio  Whittaker  (Walkersville,  MD). 
RPMI  1640  medium  was  from  Life  Technologies,  Inc.  (Rockville, 
MD).  The  protease  inhibitor  cocktail  was  from  Roche  Molecular 
Biochemicals  (Indianapolis,  IN).  Mouse  monoclonal  anti-human 
E-cadherin  and  N-cadherin  antibodies  were  from  BD  Transduction 
Laboratories  (Lexington,  KY).  Goat  polyclonal  anti -human  RANKL 
and  mouse  monoclonal  anti-human  vimentin  antibodies  were  from 
Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  Recombinant  human 
TGF)31,  recombinant  mouse  RANKL,  recombinant  mouse  M-CSF, 
and  recombinant  human  OPG  were  from  R&D  Systems,  Inc.  (Min¬ 
neapolis,  MN).  Fetal  bovine  serum  (FBS),  recombinant  human  EGF, 
G418,  anti -flag  M2  monoclonal  antibody,  and  mouse  monoclonal 
anti-human  P-actin  antibody  were  from  Sigma-Aldrich,  Inc.  (St 
Louis,  MO).  Rat  monoclonal  anti-human  Snail  antibody  and  HRP- 
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conjugated  goat  anti-rat  antibody  were  from  Cell  Signaling  Technol¬ 
ogy,  Inc.  (Danvers,  MA).  HRP-conjugated  sheep  anti-mouse  antibody 
and  the  Enhanced  chemiluminescence  (ECL)  detection  reagent 
were  purchased  from  Amersham  Biosciences  (Buckingham,  Eng¬ 
land).  HRP-conjugated  rabbit  anti-goat  antibody  was  from  Zymed 
Laboratories  Inc.  (San  Francisco,  CA).  Matrigel  and  rat  tail  type-1 
collagen  were  from  BD  Biosciences.  Charcoal/dextran-treated  FBS 
(DCC-FBS)  was  from  Hyclone  (South  Logan,  UT).  The  Snail  cDNA 
construct  was  kindly  provided  by  Dr  Mien-Chie  Hung,  University 
of  Texas  (Houston,  TX). 

Cells  and  culture  conditions 

The  human  prostate  cancer  LNCaP  cell  line  was  obtained  from 
ATCC  (Manassas,  VA).  ARCaP  cells  were  established  from  the 
ascites  fluid  of  a  patient  with  prostate  cancer  bone  metastasis  [55], 
ARCaPE  and  ARCaPM  are  sublines  of  the  ARCaP,  generated  in  our 
laboratory  by  limited  dilution  cloning  [30].  All  the  cells  were  grown 
in  T-medium  supplemented  with  5%  fetal  bovine  serum  (10%  for 
ARCaP  sublines)  and  lx  penicillin-streptomycin,  at  37  °C  with  5% 
CO,  in  a  humidified  incubator. 

Transfection  assay 

Stable  transfection  of  Snail  cDNAwas  performed  in  ARCaPE  and 
LNCaP  cells  utilizing  Lipofectamine  2000  (Invitrogen).  A  constitu- 
tively  active  Snail  construct  (6SA)  was  previously  utilized  to  induce 
EMT  in  MCF7  breast  cancer  cells  [33],  Briefly,  1 .6  pg  Snail  cDNA 
or  empty  vector  (Neo)  was  transfected  into  cells  cultured  in  12-well 
dishes  at  90%  confluence  as  per  the  manufacturer’s  instructions. 
Stable  clones  were  selected  using  800  pg/ml  G418,  isolated,  and 
maintained  in  400  pg/ml  G418.  Snail  expression  was  verified  in  the 
clones  by  Western  blot  analysis. 

Animal  experiments 

All  animal  procedures  were  approved  and  performed  in  accor¬ 
dance  with  institutional  guidelines,  and  all  mice  were  purchased 
from  National  Cancer  Institute  (Frederick,  MD).  ARCaPE  cells  were 
injected  by  intracardiac  route  (5  x  105  cells/50  pi  PBS)  into  five-  to 
seven-week-old  male  SCID  mice  (n  =  8)  using  a  28G1/2  needle. 
Prior  to  injection,  mice  were  anesthetized  and  placed  in  a  supine 
position  and  the  needle  inserted  5  mm  above  the  middle  of  the  left 
side  of  sternum.  The  appearance  of  fresh  arterial  blood  in  the  syringe 
signaled  successful  penetration  into  the  left  ventricle,  and  cells  were 
subsequently  infused  slowly  and  directly  into  the  left  ventricle  of 
the  mouse  for  systemic  circulation.  Tumor  formation  in  bone  was 
monitored  closely  by  biweekly  X-ray  radiography.  The  time  taken  for 
the  tumor  to  be  visualized  by  X-ray  was  termed  the  latency  period, 
and  metastasis  was  confirmed  by  radiography  and  histomorphology 
of  the  tumor  specimens. 

Bone  metastasis  tumor  was  dissected  to  clone  cancer  cells  from 
the  tumor.  Cells  were  derived  from  bone  metastatic  tumor  tissue  by 
culturing  tumor  dices  in  vitro.  Cloned  cells  represented  the  bone 
metastatic  variant  of  the  original  cancer  cell  line.  The  variant  cells 
were  used  in  another  round  of  bone  tumor  formation  following 
intracardiac  injection  into  SCID  mice. 

Reverse  transcription-polymerase  chain  reaction  (RT-PCR) 

Total  RNA  was  isolated  from  cells  using  RNA-Bee  as  per  the 
manufacturer’s  instructions  (Tel-Test,  Inc.,  Friendswood,  TX).  The 
RNA  (2  pg)  was  reverse  transcribed  with  oligo-dT  using  MMLV- 
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reverse  transcriptase  (Invitrogen,  Carlsbad,  CA),  to  generate  cDNA. 
PCR  analyses  were  subsequently  performed  with  2  pi  of  the  cDNA 
reaction  utilizing  the  primers  and  conditions  as  follows.  E-cadherin 
primers  used  were:  5'-TCC  ATT  TCT  TGG  TCT  ACG  CC-3'  and 
5  '-C  AC  CTT  C  AG  CCA  ACC  TGTTT-3';  N-cadherin,  5  '-GTG  CCA 
TTA  GCC  AAG  GGA  ATT  CAG  C-3'  and  5'-GCG  TTC  CTG  TTC 
CAC  TCA  TAG  GAG  G-3'.  The  PCR  conditions  for  E-cadherin 
and  N-cadherin  were  95  °C,  5  min,  35  cycles  of  95  °C,  30  s;  60  °C, 
30  s;  72  °C,  60  s,  and  72  °C,  8  min  final  extension.  Vimentin  primers 
used  were:  5'-TGG  CAC  GTC  TTG  ACC  TTG  AA-3'  and  5'-GGT 
CAT  CGT  GAT  GCT  GAG  AA-3';  RANKL:  5'-GCT  TGA  AGC 
TCA  GCC  TTT  TGC  TCA  T-3'  and  5'-GGG  GTT  GGA  GAC  CTC 
GAT  GCT  GAT  T-3'.  The  PCR  conditions  for  vimentin  were  94  °C,  2 
min,  29  cycles  of  94  °C,  30  s;  55  °C,  30  s;  72  °C,  2  min,  and  72  C,  7 
min  final  extension,  while  those  for  RANKL  were  94  °C,  2  min, 
36  cycles  of  94  °C,  15  s;  55  °C,  30  s;  72  °C,  60  s,  and  72  °C,  5 
min  final  extension. 

Western  blot  analysis 

Confluent  cells  were  lysed  in  a  modified  RIPA  buffer  (50  mM 
Tris,  pH  8.0,  150  mM  NaCl,  0.02%  NaN3,  0.1%  SDS,  1%  NP-40, 
0.5%  sodium  deoxycholate)  containing  1.5X  protease  inhibitor 
cocktail,  1  mM  phenylmethylsulfonyl  fluoride,  and  1  mM  sodium 
orthovanadate.  The  cell  lysates  were  centrifuged,  and  supernatants 
collected  and  quantified  using  a  micro  BCA  assay.  In  all,  25-30  pg 
of  cell  lysate  was  resolved  on  a  4-12%  SDS-PAGE,  followed  by 
transblotting  onto  nitrocellulose  membrane  (Schleicher  &  Schuell, 
Keene,  NH).  The  membranes  were  blocked  in  TBSTB  (TBS  with 
0.05%  Tween-20, 0.05%  BSA)  containing  5%  fat- free  milk,  and  sub¬ 
sequently  incubated  with  diluted  antibody  in  blocking  buffer.  After 
washing,  the  membranes  were  incubated  in  peroxidase-conjugated 
secondary  antibodies,  washed,  and  visualized  using  ECL  reagent. 
The  membranes  were  stripped  using  stripping  buffer  (Pierce  Bio¬ 
technology,  Inc.,  Rockford,  IL)  prior  to  re-probing  with  a  different 
antibody.  For  growth  factor  treatments,  70%  confluent  cells  were 
serum-starved  in  phenol-free  serum-free  RPMI  containing  penicil¬ 
lin/streptomycin  for  24  h  prior  to  treatment  with  4  ng/ml  TGF(31,  or 
50  ng/ml  EGF,  or  a  combination  of  both  for  various  time  periods  in 
the  RPMI  1640  supplemented  with  5%  DCC-FBS.  Cell  lysates  were 
subsequently  prepared. 

Invasion  and  migration  assays 

Cells  treated  with  4  ng/ml  TGF|H  plus  50  ng/ml  EGF,  200  ng/ml 
RANKL,  or  50  ng/ml  OPG  for  3  days  were  harvested  and  5  *  104 
cells  plated  in  the  upper  chamber  of  a  24-well  costar  transwell  Boy- 
den  chamber  (Becton  Dickinson,  Franklin  Lakes,  NJ)  that  had  been 
previously  coated  on  the  inside  of  the  well  with  matrigel:  media  ( 1 :4) 
for  invasion,  or  on  the  underside  of  each  well  with  2.5  pg/cm2  col¬ 
lagen  I  for  migration  assays.  The  haptotactic  invasion  and  migration 
assays  were  performed  in  RPMI  1 640  media  supplemented  with  5% 
DCC  in  the  case  of  ARCaP  cells,  while  for  the  less  migratory  LNCaP 
cells  a  chemotactic  migration  assay  was  perfonned  by  adding  0.1% 
FBS  to  the  bottom  wells.  The  cells  that  had  invaded/migrated  to  the 
underside  of  the  membrane  and  the  bottom  chamber  were  fixed  with 
fonnaldehyde  after  48  h  (for  migration)  or  72  h  (for  invasion),  and 
stained  with  0.5%  crystal  violet.  For  invasion  assays,  cells  stained 
on  the  underside  of  the  membrane  and  in  the  bottom  chamber  were 
solubilized  with  extraction  buffer  (Chemicon  International,  Inc., 


Temecula,  CA),  and  OD590  nm  was  subsequently  read  to  get  the 
relative  invasion.  For  migration  assays  cells  on  the  underside  of  the 
membrane  were  scraped,  and  stained  cells  that  had  migrated  to  the 
bottom  chamber  were  manually  counted  or  solubilized  and  OD590 
nm  was  read  to  obtain  the  relative  migration. 

Immunohistochemical  analysis 

2  x  104  cells  were  plated  onto  chamber  slides  in  T-media  con¬ 
taining  10%  FBS.  After  overnight  culture,  the  cells  were  placed  in 
phenol-free  serum- free  RPMI  1640  medium  containing  penicillin/ 
streptomycin  for  24  h  prior  to  treatment  with  4  ng/ml  TGF|31  and 
50  ng/ml  EGF  for  various  time  periods  up  to  72  h  in  RPMI  media 
supplemented  with  5%  DCC-FBS.  The  cells  were  fixed  with  ice-cold 
methanol/acetone  (1:1),  followed  by  immunoperoxidase  staining 
utilizing  the  DAKO  Autostainer  Plus  System  (DAKO,  Capinteria, 
CA).  All  common  reagents  for  staining  were  from  DAKO.  Briefly, 
the  slides  were  blocked  with  dual  endogenous  enzyme  block  (DEEB) 
for  10  min,  incubated  for  1  h  with  primary  antibody,  E-cadherin 
(1:1  000),  vimentin (1 :50),  N-cadherin  (1 :500),  RANKL  ( 1 :500),  or 
control  UNC  antibodies  (DAKO).  A  thorough  rinse  in  Tris-buffered 
saline  with  0.05%  Tween  (TBST)  was  followed  by  30  min  incuba¬ 
tion  with  Envision  +  Labelled  Polymer-HRP  or  15  min  incubation 
with  Biotinylated  Link  Universal  and  15  min  Streptavidin-HRP.  The 
staining  signal  was  detected  by  incubating  with  peroxidase  substrate 
buffer  with  chromogen,  diaminobenzidine  (DAB),  followed  by 
hematoxylin  counterstain.  Following  cover-slipping,  images  were 
acquired  using  a  laser-scan  confocal  microscope  410  (Carl  Zeiss, 
Minneapolis,  MN). 

In  vitro  osteoclastogenesis  assay 

Osteoclastogenesis  assay  was  performed  as  described  previously 
with  minor  modifications  [56],  Briefly,  1  x  103  cancer  cells  were 
seeded  together  with  2  x  105  pre-osteoclastic  macrophage  cells  har¬ 
vested  from  adult  mouse  spleen  by  disaggregation  through  a  wire 
sieve.  The  co-cultures  were  performed  in  a  48-well  plate  containing 
500  pi  of  a-MEM  media  supplemented  with  10%  FBS,  and  1  ng/ml 
mouse  recombinant  M-CSF.  As  a  positive  control,  100  ng/ml  mouse 
recombinant  RANKL  was  added  to  2  x  105  pre-osteoclastic  cells.  50 
ng/ml  recombinant  OPG  was  added  to  certain  wells  to  block  RANKL  - 
mediated  osteoclastogenesis.  The  cells  were  fed  twice  a  week  by 
replacement  of  half  the  media  with  fresh  media  containing  M-CSF 
(and  RANKL  for  the  positive  control).  After  14  days,  the  cells  were 
fixed  and  analyzed  by  TRAP  staining  (Sigma-Aldrich,  Inc.,  St  Louis), 
and  the  TRAP-  multinucleated  cells  in  the  entire  well  were  counted 
as  mature  osteoclasts.  Note  that  TRAP  stain  is  associated  solely 
with  macrophage  cells;  ARCaP  cells  when  cultured  individually  or 
in  co-culture  with  macrophage  cells  had  a  distinct  morphology  and 
individually  were  devoid  of  TRAP  stain  (data  not  shown). 
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